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BCTYII

Po3BUTOK  CyyacHOro  MpPOKATHOTO  BUPOOHMIITBA  XapaKTEPU3YETHCA
BIIPOBADKCHHAM Oe3nepepBHUX cTaHiB. CTamicTh MEpPEeTHHY TOTOBOI MPOAYKINi IO
JIOBKMHI Ha COPTOBUX O€3MEpEepBHUX CTaHAX BU3HAYAETHCS CTANICTIO MEPETHHY WU
TEMIEPATypu MO JOBXHHI 3aroTiBii, MPYXKHICTIO KIITEH 1 BIACYTHICTIO HATITy
MeTany npu mpokartii. IIpu copToBiii mpokaTiii mpodiab MEPeTHHY BU3HAYAETHCS
KaJIIOpyBaHHSM BaJIKiB, 10 MPAKTUYHO BHUKIIOYAE MOXKIIUBICTh BHKOPHUCTAHHS
JIOKaJIbHUX CHUCTEM JUIsl PETyJIIOBaHHA PO3MIPY MPOQLI0, SK 1€ BUKOHYETHCS B
HMIMPOKOMNOJOCHUX cTaHax. Ilpu mpoxatmi Mertany B KamiOpax OJHUM 3 OCHOBHHX
(bakTopiB, U0 NPU3BOAATH J0 3MIHU MPOQUIIO MO AOBKHHI 3ar0TIBII, € HATAT METAITY
MDK KITSAMU. TexHluHe Nepeo30pOeHHs MEeTanyprii B HaWONMXK4lA NEepCIEeKTHBI
Oyne 3IIMCHIOBATHCS B OCHOBHOMY MOJICPHI3aIlI€l0 JIIIOYOTO OOJNaJHaHHS ¥
IIMPOKOTO  3aCTOCYBaHHS CHCTEM  aBTOMAaTHYHOTO KepyBaHHS Ha  0asi
00YMCITIOBAJILHUX KOMILJIEKCIB.

AKTyasbHiCTb TeMH. Po3BUTOK OyaiBENbHOI 1HAYCTPii B YCbOMY CBITI
MIPU3BEJIO JI0 3pOCTaHHA BUPOOHMIITBA TA MIJBUILEHHS BUMOT JI0 SIKOCTI apMaTypHOIi
CTaJli, [0 BUKOPUCTOBYETHCS y 35113006 TOHHUX KOHCTPYKINIAX. JIpiOHOCOPTHI cTaHu
NpU3HAYEeHl )i apMaTypHOI CTall, TOMY CTa€ OUIbII 3HAYYHIOK €(EKTUBHICTb
MPOKATHOTO BHPOOHMIITBA, IO Tepeadayae MIHIMIZAINKD BUTPAT HA CTBOPEHHS
COPTOIIPOKATHOTO BHPOOHHUIITBA, 3aCTOCYBaHHS OUIBII JOCKOHAJIMX €HEpPro- Ta
pecypco30epirarouux TeXHOJOT1M, MEHIII METAIOEMHHUX Ta HAIIMHIIIUX KOHCTPYKIIHI
MPOKATHUX KIIITEH, MIABUINCHHS SKOCTI Ta BHUXOJYy mpumaTtHoro mpokaty. lle
JIOCATAETHCS 32 PaXyHOK BUKOPUCTAHHS HOBUX KOHCTPYKTHUBHUX pillleHb, MaTEpialliB
Ta TEXHOJIOT1M BUTOTOBJIEHHS OOJaJIHAHHS, a TAKOX 3a paxXyHOK peaizalli Cy4yacHUuX
CUCTEeM NPUBOAY Ta aBTOMaTtu3amii. Y 3B'A3Ky 3 UM IMpoOjiemMa CTBOPEHHS
BHUCOKOE(DEKTUBHOTO MPOKATHOrO OOJIaHAHHS 1, HacaMIiepes,, poOoUMX KIITEH s
BUPOOHMIITBA JAPIOHOCOPTHOTO TPOKATy OYIIBEIBHOTO TMPU3HAYCHHS € JTyXKe

aKTyaJbHOIO.



MeTo10 po6oTH € 301IbIIEHHS BUXOAY MIpHOI MPOAYKIi JPiOHOCOPTHOTO
MPOKATHOT'O CTaHYy 33 PaXyHOK PETyJIIOBAHHS JOBXKUHU ITPOKATY.

Jlis  MoCATHEHHS TOCTaBICHOI METH BHHHUKIA HEOOXIIHICTh BHUPIMICHHSA
HACTYMHUX 3aBJaHb:

— BHKOHATH aHa3 TEXHOJOTIYHOTO MPOIeCY BHPOOHHIITBA APIOHOCOPTHOTO
MIPHOTO MPOKATYy 1 OCOOJMBOCTEM KEpyBaHHS pPOOOTOI0 MPOKATHOTO CTaHy s
BUSIBJICHHSI TIPIOPUTETHUX 3aBJaHb aBTOMATH3aIlll MpPOLIECY KepyBaHHS BHUXOIOM
MIPHOI MPOAYKIIIi;

— nmoOylyBaTh MaTeMaTU4HY MOJIEJIb YUCTOBOI TPYIMHU KIITEH, po3poOUTH ii
NporpamMHy peaji3alil0 Ta MPOBECTH JOCIDKEHHS Ipouecy (popMyBaHHs
TEOMETPUYHUX PO3MIPIB MPOKATy 3 METOK BHU3HAYEHHS JUISTHOK MPOKaTy Ta
3aKOHOMIPHOCTI iX ()OpMyBaHHSI 3a PaXyHOK PETYIIOBAHHS JOBXHUHHU SKUX MOKJIMBO
KEepyBaHHS BUXOJOM MIPHOT IPOIYKIIIi;

— JIOCIIIUTH TMPOLEC KEpyBaHHS OBXKHHOIO IPOKATy 4epe3 3MIHY pexUMy
OOTHCKY TpHU HASBHOCTI CHCTEMHU KEpyBaHHS HATUCKHUMHU TBHUHTAaMH, BU3HAYUTU
cTpaTerii KepyBaHHS Ta pO3pOOUTH aHAJNITUYHI 3acau TOOYJIOBH CHUCTEMH
KEepyBaHHS,

00'exT AOCJIIIZKeHHS: IIPOLIECU aBTOMATH30BAHOTO KEpyBaHHS
BUPOOHUIITBOM 3ar0OTOBOK Ta CTPH>KHEBOT'O IIPOKATY.

IIpeamer pocaimxenHs: B3aeMo3B’s130K METOIB Ta aJTOPUTMIB KEpyBaHHS
omnepauisMH, II0 BIUIMBAIOTh Ha (OpPMYyBaHHS CTPUKHIB COPTOBOrO MPOKATYy, 3
napameTpaM# TEXHOJIOTTYHOTO MPOIIeCy HOTO BUPOOHHUIITBA.

Metoau aociixkeHb. B OCHOBY JOCHIIDKEHBb MOKJIAJACHO METOIU Teopii
aBTOMATUYHOIO KEpyBaHHS HJisi PO3pOOKH CTPYKTYpU 1 aarOpUTMIB KepyBaHHS
yHIBEpCAIbHOI aBTOMAaTU30BaHOI CUCTEMH PO3KPOIO; METOIM TEOpii IMOBIPHOCTI JJIs
BU3HAUCHHS PO3MIpPIB 3aroTOBKH; METOJIM IMITALITHOTO MOJICIIOBAHHS IS
BU3HAYCHHS 3aKOHOMIPHOCTEH (hOpPMO3MIHU METaly B MPOKATHUX BaJIKax, JOBKUHU
BIJIPI3YBaHMX 3aroTOBOK, JOCKOHAJIOCTI 3alpOIOHOBAHUX pIMIEHb; CTaTHUCTHYHI

METOJIHU 1151 OOPOOKH MOJEIBHUX 1 eKCIIEPUMEHTAIbHUX JIAHUX.



1 3ATAJIBHA THOOPMALISA ITPO IMTPOLEC ITPOKATKU METAJY
1.1. TenaeHuii B pO3BUTKY MeTaIyprii

Mertanyprisi — ovMH 13 HalJaBHIMIKUX Ta 3aTpeOyBaHUX HANPSMIB JISIBHOCTI
moauHu. Bupobu 3 Metanmy 3HAMIIIM MIMPOKE 3aCTOCYBaHHS Yy BCIX cdepax
TISITEHOCTI CYCIIIBLCTBA 3aBMISKH CBOIM MEXaHIYHUM BJIACTHUBOCTSIM, HE3BAXKAIOUN HA
CBOIO BIJHOCHY JIOPOKHEUY Ta CKJIQJHICTh BHUIOTOBJICHHs. [IpakThyHO BCi
byHIaMEeHTaIbHI ~ KapKacu  MaIllluH, OyJiBEJIbHUX  CIOPYJA, TEXHOJOTIYHUX
KOHCTPYKIIM Ta 3BUYAMHUX MOOYTOBHUX NPHJIAJIB MICTSATh METaleBl BHPOOH, SKI
4acTo € TIEI0 HEBIA'€MHOIO JIAHKOIO, 0€3 sIKOi MPUHILIMIIOBO HEMOXJIMBA HOpMaslbHA
po00OTa KOHCTPYKIIIi.

3aTpeOyBaHICTh METAJIEBUX BUPOOIB, 1110 MOCTIHHO 3pOCTa€, 3HAYHO BILUIMBAJIA
Ha TEXHOJIOTII0 OTPHMMaHHS METaJeBUX 3aroTOBOK HA BCbOMY MPOTA31 PO3BUTKY
MeTanyprii. B ymoBax nocTiifiHO 301IbIIIyBaHUX OOCSTIB 3aMOBJIEHb SIKICHOTO METay
Ha MOTpeOM MPOMUCIOBOCTI Ta OYIBHMUIITBA TEpe]l KEPIBHUIITBOM METaTypriiiHUX
3aBOJIIB 3'IBUBCS pAJl 3aBJaHb, I[OB'A3aHUX 3 YJOCKOHAJICHHSIM OOJaJHAHHS
BUPOOHMUYHUX 1I€XIB, a TaKOXX 3 TMPUUHITTAM HOBHUX, OUIBII JOCKOHAJIMX Ta
€KOHOMIYHO JOIIIbHUX METOIB BUPOOHHUIITBA SKICHOTO METAITy.

B nanuii yac y CBITOBIA METaNypriiHii MpakTULl B YKPYIHEHOMY ILIaH1
MPUIHATO PO3PI3HATH MiANPUEMCTBA TIOBHOTO IUKIY (METamypriiiHi KOMOIHATH) Ta
MeTtanypriiiai miHi-3aBogu [1]. [limmpuemcTBa MOBHOTO METANypridHOTO ITUKITY
NPUIYCKAIOTh BUIYCK TOTOBOi MPOAYKI[l TICHAs MPOXOKEHHS BCIX CTaaii
OTPUMaHHS MeETajdy, IOYMHAIOYM 3 TMepepoOKM 3aJi30BYIJICLIEBOI CHPOBUHU
(oTpuMaHHs arjaoMepary), 3aKiH4yloUd OTPUMAaHHSIM PIAKOTO YaBYyHY B JOMEHHHX
neyax, BUPOOHUIITBOM CTalll (MIEPEBAXKHO B KUCHEBUX KOHBEPTEPax), pO3JIUBOM CTal
a TaKkoXX CHCTEeMaMH TPOKATHUX CTaHIB [l OJIEpKaHHS TIEBHUX BUJIIB
MeTaonpoaykili. OCHOBHOIO BIIMIHHICTIO METadypriiHMX MiHI-3aBOJIB  BiJl
MIIIPUEMCTB 13 TOBHMM IMKJIOM € BHKOPUCTAHHS SIK METaJeBOi CHUPOBHHH,
TOJIOBHUM YHHOM, MeTanoOpyxTty. IIpu mboMy TEXHOJOTIYHUU MPOIEC BUILIABKU

cTai 633y€TI>CH Ha Cy4YaCHHUX CTAJICBUX AYT'OBUX CTAJICIIJIABUIIbHUX II€YAX.



Kpim cTBOpeHHsS HOBUX MiHI-3aBO/IIB, O€3MEPEPBHO IMPOBOAATHCA POOOTH 3
PEKOHCTPYKIIT BUPOOHMYMX TMOTYKHOCTEH METalyprifHuX 3aBOJIB 3 TIOBHUM
IUKJIOM [2], SIKi MalOTh, HE AUBJISIYUCH HA IMIMPOKI MOMJIMBOCTI OTPUMaHHS T'OTOBOI
MPOAYKITi, psisl HEOMIKIB. J0 OCTaHHIX BIIHOCUTHCS HU3bKa THYUYKICTh BUPOOHHUIITBA
mi 3MIHM BUMOT 3aMOBHHKA, 3Ha4yHI EHEPreTUYHI BUTPATH, CKIAIHICTH Y
KOOpAWHAIT il PI3HMX B3a€EMOIMOB'SI3aHUX BUPOOHUYUX 1I€XIB, HEOOXIJIHICTh
yTPUMaHHsI YMCJICHHOTO IITaTy CIIBPOOITHUKIB Ta, SIK HACTIOK, 3HAYHE IT1IBUILICHHS
BAapTOCTI TOTOBOT MPOAYKIIi. Y 3B'SI3KYy 3 IIUM, JIJIsl KOMIIEHCAII11 MOI0HUX HEIOMIKIB,
Ha 3aBOJIaX 3 IMIOBHUM IIMKJIOM TIPOBOJSTHCA 3aXOJW II0JO0 BJIOCKOHAJIECHHS
BCTAHOBJICHOI0 00JIaJHaHHS a00 TMOBHOI PEKOHCTPYKIIi ICHYIOUMX TEXHOJOTTYHUX
naHIoKKIB.  LlumsiMu  moAlOHMX — yJIOCKOHAl€Hb €  30UIbIIEHHS THYYKOCTI
BUPOOHMIITBA, 3MEHILICHHS BIUIMBY JIOACHKOTO (pakTopa Ha TEXHOJIOTIYHI MPOIIECH, 1,
[0 BaXXJIMBO, MIJKPECICHHS CBOIiX MO3UTUBHUX SIKOCTEH, a caMme: BEJIMKHM o0cAr 1
BHCOKa SIKICTh TOTOBOT MPOTYKIIIi.

TexHosOTIA OTpUMaHHS YaByHY Ta CTajdi, BiAUUII(OBaHa pOKaMH MPaKTUKH,
MPAKTUYHO HE A€ MOXKJIMBOCTEH JJIsl MaclITaOHUX MOJEPHI3allili, CIpsSIMOBaHUX Ha
ontumizamiro BUpoOHUITBa. ONHAK, BUIYCK IUIBHOJIUTHX 3aroToBOK (OJIOMIB,
cis101B), @K HISIK HE € KIHLEBOIO METOI0 MeTanyprii. OTpuMaHi BUIMBKHA HAJIXOIATh
JUTSL TIOJIabIoi OOpOOKHM Ha TMPOKAaTHI CTaHW, JI€ BKE BIIOYBAETHCS BUPOOHUIITBO
KIHIIEBOT MPOAYKIIii - MpOodUIIB KPYIJIOr0, KBaJAPATHOTO TIepepidy, JUCTIB, TpyO. Cama
TEXHOJIOTisI MPOKATKH CIIOYATKy TP/ 'SBIISE BUMOTH BUKIIOYHO JI0 BJIACTHBOCTEH
caMOT0 MeTajy JI0 MPOKATKH, i 9ac Ta micis Hei. TakuM YuHOM, BUHUKAE 3HAYHUN
MPOCTIP JUIsl TIOSIBU HOBHUX 17ied 11070 BIPOBA/KEHHS Ha BUPOOHUIITBI OUIBII
JIOCKOHAJIMX Ta €()EKTUBHUX JIAHITFOXKKIB 0OPOOKH H1TLHOJIUTHX 3aTOTOBOK.

CyyacHu# MPOKATHUI CTaH — 1€ CKIAIHUN KOMIUIEKC Pi3HOMAHITHUX MAIllWH,
pO3TalloBaHUX Oe3nepepBHUMHU JIiHISIMU J0BXHHOIO A0 1000 M 1 Ouible, 4acoMm y
TphOX 1 OlnbIne mponboTax OymiBmi (puc. 1.1, 1.2). 3arampHa maca oO0naaHAHHS
BEJIUKOTO TMpoKaTHOro ctany mnepesuinye 40 Ttuc. T. [Ipokarne obnagHaHHs - 1€ B

OCHOBHOMY MallMHKU 3 BCJIHMKOBAIOBUMH CTaHWHAMHU abo pamMaMu 3 BCIUMKHUMU



JIeTausiMHi, 110 oO0epTaloThCs (Bajdkamu, MMNUHACIAMU, POJUKAMHU, BaJlaMH,
MIECTEPHSIMH ), @ TAKOXK JIETASIMU, IO 3IHCHIOIOTH 3BOPOTHO-TIOCTYMATLHUN PyX TIO

CKJIQIHIH TpaekTopii [3].

Pucynoxk 1.2 — JIuctonpokaTHuit 6e3nepepBHUN CTaH

Bucokuii piBeHb aBTOMaTu3allli, a TaKOXX BHUKOPUCTaHHS MEPEIOBUX
TEXHOJIOT1A JTO3BOJIIE BHUIyCKAaTH 3a TroauHy 10 120 T roroBoi npoxaykiii. Bci
TEXHOJIOTIYHI MAalllMHU, BCTAHOBJICHI Ha CTaHl, BUKOHYIOTh CBOIO HE3aMiHHY
GbyHKIIIFO, 1 € JIJAHKAaMU OJHOTO BEIUKOTO JIAHITIOTA, 1110 MA€ CBii MOYaTOK Ha JUJISHII

3aBaHTOXECHHS OJIIOMIB, J€ TMpaTleH-KpaHW BaHTaXXaTh XOJOJHI 3aroTOBKM Ha


http://masters.donntu.ru/2013/fimm/lytaev/diss/index.htm#ref3

10

BaBaHTa}KyBaJIBHi I'patuy, 1 KiHCHB - Ha ,Z[iJ'I}IHKaX YIIaKOBKH Ta HABAHTAXCHHI

TOTOBOI'O MPOKATY .

CxeMy posTaiiryBaHHs1 00JIaJHAaHHS CTaHY HaBeAeHO Ha puc 1.3.
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Pucynok 1.3 — Cxema po3raiyBaHHs 00J1aJHAHHS IPOKATHOTO CTaHy:
1 — HepyxoMuii ynop; 2 — ctenax Opaky 3arOTOBOK; 3 — 3aBaHTa)KyBaJIbHI I'PaTH;
4 — ponbraHroBi Baru; 5 - ynop, 1o onyckaeTbces; 6 — 311ITOBXyBay; 7 — HarpiBajibHa
niy; 8 — MpUCTPIN IS T1PO3OUBY OKAIMHU; 9 — TyHEIb-TEPMOCTAT;

10 - tpaitbanapar nepen 1-1 kiiTTio; 11 — yopHOBa rpyna KiiTel; 12 — KpUBOLIUITHO-
BaXUJIbHI HOXKMIII; 13 — nmpomikHa Tpymna KiiTel; 14 - KpUBOIIMITHO-BaX1JIbH1
HOXHII; 15 —yucToBa rpyna kiitei; 16 — npunaa BUMIpIOBaHHS T€OMETPUYHUX
po3MipiB; 17 — AisiHKA MPUCKOPEHOTO OXOJOKEHHS; 18 — TBOCUCTEMHI HOXKHII];
19 - xpuBomIMTTHUI MOKPITHKK; 20 — peikoBHii cTenax; 21 - MOCTOBI Bary;

22 - B'si3a5IbHA MaIyHa; 23 — MOMEepeYHUi TpaHCIopTep; 24 - CTalliOHApHAN YIIOp;
25 - HaKOMMUYyBa4y HEMIPHUX MPYTKiB; 26 - TaHItOroBuid Tpancmoprep 1;

27 - TaHIFOTOBUH TpaHcmopTep 2; 28 — m03atop; 29 - eToui HOXKUII XOJIOTHOTO
pizanns; 30 - mpaBwibHA MaiuHa; 31 — meTeperynsaTopu; 32 - MPUCTPOI SIS 3MIHA
KIIiTeH; 33 — po3pHuBHI HOXKHUIII; 34 - MallTiHA 3HIMAHHS 3ar0TOBOK; 35 - 31IITOBXyBay;
36 - Opakomotainka; 37 - Tpaiibanapat

[IpokaTka copToBUX Mpod1IiB HA TAOOP1 3AIMCHIOETHCS Y TPhOX Tpynax KiiTeil
(puc. 1.4):
- yopHoBuk 11, 1m0 cKiamaerbcss 3 OJHIE]T TOPHU3OHTANBHOI Ta OMHIET
BEepTUKAJIbHOI KiiTei 600, 1BOX rOPU30HTATIBHUX 1 IBOX BEPTUKAIBHUX KIITEH
440, 3 yepryBaHHSIM FOPU3OHTAILHUX 1 BEPTUKAIBHUX KIITEH y TPYTi;
- mpomikHOi 13, MmO CKIagaeTbcss 3 TPbOX TOPU3OHTAIBHUX Ta JBOX
kKoMOiHOBaHuX KiiTell 390, 1 onHiei BepTUKanbHO1 KIiTI 390; ropu3oHTANbHI

KJIITI YEPTYIOTHCSA 3 KOMOIHOBAaHUMU Ta BEPTHKATLHUMU KIITSIMU;
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- 49ucTOBOI 15, MmO CKIagaeThcsi 3 JBOX TOPU3OHTATBHHX Ta HYOTHPHOX
KoMOiHOBaHMX  kimiTedt  390; TOpPH3OHTAIBHI  KIITI  YEpPrylOThCcS 13

KOMOIHOBAHUMMU.

Pucynok 1.4 — J{insiHka KiiTen

Y 4YopHOBIM Ta NPOMDKHIM Tpynax MpoKaTka BeNeTbcsl 0€3 KaHTIBKU
PO3KOUYBaHHS 3 MIHIMAJIBHUM HATATOM HOro MK KJIITAMH, 110 ABTOMAaTHYHO
MIATPUMYETHCS CUCTEMOIO PETYIIOBAaHHS MIHIMAJILHOTO HATATY.

Ha xpuBommnHo-BaxuIbHUX HOXHULAX 12 1 14 (puc. 1.5) micns 4opHOBOi Ta
MPOMIXKHOT T'PYIT IPOBOJIUTHCS 00pi3Ka MepeHIX, 1, MPU HEOOX1THOCTI, 3aIHIX KIHIIIB

PO3KOUYYBaHHS, a TAKOXK aBapiiiHe pi3aHHs Ha MIpHI YaCTUHHU.

Pucynox 1.5 — KpuBommmHo-BaxibH1 HOKHITI
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Y 4ucTOBIM Tpymi MNpoKaTKa 3AIMCHIOETHCA 13 BUKOPUCTAHHSM CHCTEMU
NEeTJICPETyNIOBaHHS. Benuunna neTi HiATPUMY€ETHCA aBTOMATUYHO
netieperynaropamu 31 (puc. 1.6), M0 BUKOPUCTOBYIOTH il Yac POOOTH IMITYJIbCH

B1J1 (OTOETEKTPUYHHX JATUYUKIB MTOJOKECHHS TIETII.
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Pucynox 1.6 — [letneperymnstop

Po6oui kJ1iTl, 5SIKIi HE BUKOPUCTOBYIOTHCS B MPOIIEC MPOKATKH, BUAAISIOTHCS 3
MOTOKY, @ Ha 1X MICII€ BCTAHOBJIIOIOTHCS CHEIlabHI )KOJI00H.

['oToBUit mpokat, micyisi KOHTPOJIIO TE€OMETPUYHUX PO3MIPIB, TPAHCIIOPTYETHCS
B YCTAHOBKY TMPUCKOPEHOIO OXOJOKeHHA 17, 1mo 3abe3neuye 3HUKEHHS
M1JIBUIIICHHS BJIACTUBOCTEN MIITHOCT1 METay.

[Ipu BupoOHUITBI mpoduIiB, IO HE MIAJATECI TPUCKOPEHOMY
OXOJIO/IPKEHHIO, 3aMICTh CEKLINH TpyO, IO OXOJOKYIOTh, B JIIHIIO CTaHy BBOIATHCS
BIJIMOBIIHI CEKIIii poJIbraHra.

TepmosmirtHeHni a00 rapsYeKaTaHUi MPOKAT MOIA€ThCS TparbamapaToM 10
JIBOCUCTEMHHUX CTOI-CTAPTOBHMX HOXKHII 18, Ha SKUX MPOBOAUTHCS PO3KPiK HOTO Ha
IITAHTH 33/1aHO1 JOBXHUHH, 10 TPAHCIIOPTYIOTHCS HA XOJIOAWIBHUK, 110 T1BOJIUTH

POJIBIaHTOM.



13

['anpMyBaHHS CMyr TOTOBOI'O TIPOKAaTy 3JIMCHIOEThCS Ha MNPUUMaATBLHOMY

POJIBTaHTy XOJOIUIBPHUKA CHCTEMOIO MOABIWHUX MiIHOMHUX KJIaIMaHiB (PO3AUTEHUAX
NIEPETOPOJIOK Ta KJIATaHiB).

Cam XOJOIWJIBHHUK SBIISIE COOOK0 CHCTEMY 3 KpOKyrouux perok 20, 1o

NEPEeKIaaloTh MPOKAT, IO OXOJIOMKYETHbCS, B TOMEPEYHOMY HAMpPSIMKY B MIpY

Pucynox 1.7 — X0onoaunbHUK 13 KPOKYIOUMMHU OanKaMu

[TpoxkaT micis peKoBOTO CTENIaXy HAIXOAUTh Ha NepeaaBaIbHUN IPUCTPIN, HA
CKJIQATbHUX JIAHIFOTaX SKOTO (DOPMYIOTHCS IApH IMPOKATy 3 TMEBHOK KIUIBKICTIO
ITAHT 1 KPOKOM pO3KJIAAKH, SKI TMOTIM TIEpPeNaroThCcs Ha BIABIIHUNA POJIbraHT

XOJIOTMILHUKA.

JlinsHKa K1iTel po3paxoBaHa Ha MPOKATKY HACTYMHUX YHCTOBUX MPO(1iiB:

Hpi6HU COpT y NpyTKaXx:

Kpyrna cranb 12...13...13 mm I'OCT 2590-71
YoTupurpaHHUKu 12...29...29 mm. I'OCT 2591-71
[ITecTurpanHUKH 12...31...31 mm. I'OCT 2879-69

Cmyru 6...28...28 x 30...120mMm I'OCT 103-76
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Hpi6Huii copT y OyHTax

Kpyrna cranb 12...50...50 Mmm I'OCT 2590-71
YoTupurpaHHUKU 18...35...35 mm. I'OCT 2591-71
[llecTurpaHHUKH 18...38...38 MMm. I'OCT 2879-69
Cepenniit copt

Kpyrna cranb 34..75...75 MM I'OCT 2590-71
YoTtupurpaHHUKH 30...65...65 MMm. I'OCT 2591-71

[lecTurpanHuKu 32...70...70 mMm. 'OCT 2879-69

Cmyrn 20x90...18...18 x 120mm T'OCT 103-76

JlnstHKa KIIITe MpU3HayeHa JJid MPOKATKH HUKYEHABEICHUX MapOK CTaJleu:
o [limmmnuukosa cranb ('OCT 801-78 (20 %))
e Pecopno-nipyxunna craiab (TOCT 14959-79 (10 %))
e JleroBana koHctpykmiiaa ctanb (TOCT 4543-71 (35 %))
e Crainb xononnoro Bucakerus (TOCT 10 702-78)

Sk BUXIZHHMI MaTepian 3acTOCOBYIOThCs KaTaHi 3arortiBmi 3a JICT 4693-77.
MaxkcumanbHO0 MinHicTio 1200 MITa npu +20°C. MakcumanbsHa rpaHULs TEKydOCTi
pu +20°C. Cranosuts 800 Mma.

[IpokaTka nApiOGHOTO COPTY, MPHU MPOXOIKEHHI «rOJIOBW» 3aroTiBIl Yepe3
JATYMK HASBHOCTI 3arOoTIBIIl BKJIIOYAETHCS PO3MOJIIBHA CTPUIKA, IO MOMEPEMIHHO
HalpaBJisie 3aroTiBii Ha OOWABAa CTPYMKHU poJibraHra rmnedi-tepmoctaTta. KoxHuit
posibranr mMae 51 ponuk 3 1HIWBiAyadbHUM TPUBOAOM. Ponbranr medi-tepmocrara
MOKE€ MaTH JIBa PSKUMU: PYYHHUH 1 aBTOMaTHYHMUA. BuOip pexxumy BUPOOISIETHCS 3a
JIOTIOMOT010 0akaroBaToro nepeMukada. PyyHuil pexxuMm poOOTH MpU3HAYEHUN IS
MYCKYy pOJIbIaHra Iedi, a TaKoX Yy BMIIQJKy aBapiiiHOl cuTyallii. J[BUTYHH pOJMKHU
poJsibranra npu poOOTI B MasiTHUKOBOMY PEKHUMIi 3MIHIOIOTH HANpSMOK OOEpTaHHS
yepe3 KoxkHi 1,5 06opoty. KepyBaHHs 311MCHIOETHCA 3a IOIOMOTO0 peJie vacy.

3a poJIbraHTOM TEYi-TEPMOCTaTa PO3TAIIOBAHI HOXMHII, M0 3a0€3MeUyIOTh

MO>KJIMBICTh POOUTHU Pi3aHHA «TOJIOBW» Mpokary. Kpim Toro, y BUNaaKy MOPYILIEHHS
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IpOLECY MPOKATKHU, € MOKJIMBICTh aBapiHOro pizaHHs. [lam meran HaAXoauTh Ha |-
y MIPOMIXHY TPYITy KITiTel MikocopTHOi miHii (kiti 7F - 10F).

[Ticast mpoXOpKEHHS 4Yepe3 MepIly MPOMDKHY TPYIy KIITeH MIIKOCOPTHOI
JHIT 3aroTiBjis HAAXOIWTh HAa YOTHUPH KPHUBOIIWITHI HOXHIIN, IO 3a0e3MedyroTh
pi3aHHSI «TOJIOBM» 1 «XBOCTa» MpoKary. IMIylbc Ha pi3aHHA BUIAETHCS 3 JaTUMKA
HasIBHOCTI MeTaiy. Jlaal mpokaT HaXOIUTh Ha IPYry MPOMIKHY IpyIly MUJIKOCOPTHOI
miHii (kmiti 11F -18F), 1 Ha yuctoBy rpyny KiiTed MigkocopTHOT JiHil (kmiTi 19F-
24F). Tyt, 3aneXHO BIJ NOPOrpaMH MPOKATKH, 3aCTOCOBYIOTHCS ABTOMATUYHO
IPALIOKYii NeTl perynaropu abo ctoiu. IMmysbe Ha BKIIOUEHHS METI1 PEeryIsTopa
3a kiiTTI0O 19F momaerbes BiJ CBITIIOBOTO Oap'epa mo mepeaHbOMY KiHII 3aroTiBJi, a
Ha BIJIKJIFOUYEHHS BiJ CBITJIOBOIrO Oap'epa 1o 3aJHbOMY KiHIII.

Tabmuusg 1.1 - TexHiuHi mapaMeTpu MUTKOCOPTHUX KITITEH

Howmep xuiTi [lepenaBasibHE YHCIIO géig:?;i;gfﬂa
11F 4 230......840
12F 2,8 216......734
13F 2,8 220......854
14F 2,24 228......840
15F 2,5 235......725
16F 2,24 497......780
17F 2 236......862
18F 1,6 246......850
19F 1,4 228......900
20F 1,12 456......822
21F 1,12 226......878
22F 1:1,12 240......7%4
23F 1:1,12 215......904
24F 1:1,4 592......838

PosramoBanuii 3a kiTTio 24F 0110K, 1110 KanmiOpye, CIy>KUTh 17151 KaliOpyBaHHs

MpPOKaTy 3 BHUCOKOK BHUMOTOKO IO TOYHOCTI TPO(UI0 MpU MPOKATIl KPyriaoi
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IIECTUTPAHHOT CcTajiil. SIKI0 TOYHHUX JOMYCKIB HE MOTPIOHO W KayaroThCs 1HIII
npodiai, To poboya KIiTh OJOKY, IO KamiOpye, BUBOIATH 13 MPOKATy M 3aMIHAIOTH HA
NpoxigHy mMpoBoAKY. Ilicis TPOXOMKEHHS YWUCTOBOI TPYMHM KITITEH 3aroTiBIIs
HAJIXOJIUTh Ha JIIJITHKY XOJIOAUIBLHUKA.

[IpoekTyBaHHS cHCTEM aBTOMAaTH3allii TEXHOJOTIYHUX TMPOIECIB BUMArae
00JIIKYy CTPYKTYpH BUPOOHHYHMX IPOIIECIB 1 OCOOJMBOCTEH IMapaMEeTPUYHOI OIIHKH
ixHpoi sikocTi. ToMy mMoOTpiOeH aeTanbHUM aHali3 oOJIaHaHHS 1 0COOJMBOCTEH

KOHKPETHOT'O aBTOMAaTU30BaAHOTI'O BI/IpO6HI/II_[TBa.

1.2. OcHOBHIi TeXHOJIOTiYHi onepaiii MNPOKaTHOTO CTaAHY

Ha mnpokaTHuif craH B3JIMTKM TOManalTh micias Kpuctamizamii. [lepen
IPOKATKOK 3JUTKH MIAAA0ThCA JOJAaTKOBOMY HArpiBaHHIO B HarpiBajlbHUX
KonoAa3ax OmtomiHra. Ilicist 3aBepiueHHS HarpiBaHHs, 3JUTKUA TEpe] MOYaTKOM
MIPOKATKU 3BAXKYIOThCS, IMICJSI YOTO TPAHCIOPTYIOTHCS 10 TPy OOTHCKHUX KIITEH.
OcHOBHa JIiHIA TPOKATKX OJIOMIHTa BKJIIOYAE KIIITI, 00'€JHAH] B YOTUPH TPyIU: CTaH
1300 — xuith TosoBHOTO npuBoAa, ctan 900, ctan 700 1 cran 500. [Ticna nmpokaTku
Ha ctadl 1300 1 nepBUHHOTO 3aunileHHs Ha 1250-TOHHUX HOXKHUIISIX, PO3KAT 1O Yep3i
MPOXOAUTh BOX rpyn kmiteit: ctad 900 (2 xumiti) 1 ctan 700 (4 xmiti). Ham, micus
3aUMILIEHHS [EePEAHBOrO Kpar Ha MasATHUKOBHX HOXMISX, B OIleparopa
TEXHOJIOTIYHOTO MPOIECY € MOXJIUBICTh a00 3aJUIIUTH 3JIMTOK HAa OCHOBHIM JiHIT
(nmst omeprkaHHS 3aroTiBelb y KBaapari 80 MM), a00 MepeBeCTH 3JIUTOK TI0
HUICTIIIEPHOMY MO0 Ha OOBIJIHY JIiHIIO (0JIepKaHHS 3aroTiBeib y kBajapati 150 mm).

Ha ocHOBHII JiHIT 3TUTOK MiAAa€ThCAd MOAANBLIIOMY OOTHCHEHHIO Ha TpyIi
iitedr crany 500 (mpu 1pbOMY TIOTIEpEYHUMN TMepepi3 3JUTKAa 3MEHIIYETHCS 0
KBajpaTa 31 CTOpoHo0 80 MM), TICIIA YOT0 PO3KAT PO3KPOIOETHCS HA MIpPHI 3aroTiBIi.
Po3kpiit  3milicHioeThcst  0€3 3ymWHKM po3katy — y pyci. Jas  poskporo
BUKOPHUCTOBYIOThCSL OapalOaHHI JIETy4l HOXHII, 10 ABTOMATUYHO OOEPTAIOTHCS.

JIOoB)KMHM 3aroTiBeiib, 110 BIJAPI3AlOThCS — INTAHT, BU3HAYAKOTHCS PI3HUIICIO
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IIBUJIKOCTEN PYyXy po3karty W oOepraHHs OapabaHa JieTy4ux HOXMIIB. Bimpizani
IITAaHTH YKIAJAI0ThCs B MAKETH (SIK MPABUJIO, A0 26 IITAHT y MAaKeTi) 1 MO BUXITHUX
pOJIbraHrax MojaloThCs Ha XOJIOUIbHUKH.

Ha o6BiaHii# miHIT 3MUTOK OUIbIIe HE 00KUMAEThCs (Y MOMEPEUHOMY Tepepisi
pO3KaT Ma€ KBaapar 31 cTopoHOot0 150 MM, oTpuManHuii micis npokatku B ctadi 700) i
KpOIThCSL ONEPATOPOM TEXHOJIOTTYHOTro mporecy BpyuHy Ha 1000-TOHHUX HOMXKHUIISX.
3 mux mTa"r (GOopMyIOThCA TNakeTH (po3Mip MakKeTiB HabaraTo MeEHIIE, HDK Ha
OCHOBHIHN JIIHIT — 710 6 IITaHT), 0 TaKOX MOJIAI0THCS MO BUXIAHUX pOJbraHrax Ha
XOJIOMUIILHUKH. B 3ameHOoCT1 Bif po3TairyBaHHS poOOUMX KIIITEH MPOKaTHI CTaHU
pPO3AULSIIOTECA  HA HACTYNHI TPyNu: OAHOKIITHOBI JIIHIMHI ~ 0araTOKIITHOBI,
MIOCJIIIOBHI, HamiBOE3NepepBHi, Oe3nepepBHI.

HaiiGinpm mpocTuMu € OJHOKIITHOBI cTaHd. Jlo 1€l Tpynmu CTaBISITHCS
OJIFOMIHTH, CHS0IHTM, TOBCTOJIMCTOBI JIBOPOJMKOBI, TPUPOJIMKOBI, YOTHUPHOX
POJIMKOBI CTaHU 1 yHIBepcabHI cTanu. HaltyacTimie 3acToCOBYIOThCSI 0araToKIITHOBI
CTaHU, Kl OyAyIOTh TOJIOBHUM YHHOM 3 TMOCJIJIOBHUM, a 1HOAI W 3 JHIAHUM
PO3TallyBaHHIM KIIITEH.

Po6oui kmiTi JIHIWHUX CTaHIB PO3TAIIOBYIOTH B OJIHY, JABI, TPU ¥ OLIbIIE JiHIi,
KOXKHA 3 SIKUX 3BHYallHO PUBOJUTHCS BIJ OKPEMOTO €JIEKTPOABUTYHA. JIIHINHI cTaHH
HEPEBEPCHUBHI, X 3aCTOCOBYIOTH SIK 3arOTOBOYHI, PEHKO-0aJIKOB1, COPTOB1 M JIPOTOBI.
[cTOTHUM HENONIKOM ITMX CTaHIB € OJHAKOBAa 4YacTOTa OOEpPTaHHS BaJKIB Yy BCIX
KJIIITAX OKPEMOI JIiHii, 0 MEePelKOoKae 301IbIIEHHIO MIBUIKOCTI MPOKATKUA B MIPY
pOCTy AOBXKMHU po3KaTiB. Lle mpuBoAUTH 10 BTpaTu TeMIepaTypu MeTairy, 0OMexye
Macy 3aroTiBJli i MPOJYKTUBHICThH CTaHiB.

3HaYHOrO 30UIBLIEHHS MPOAYKTHUBHOCTI MPOKATHUX CTaHIB MOKHA JOCATTH
IpU TOCJIJOBHOMY pO3TallyBaHHI KIITEH, YUCIIO SIKUX JOPIBHIOE YHCIY IMPOXOJIIB
Npu OOTHUCHEHH1 3aroTiBil 3 JOBEJAEHHAM ii JO TOTOBOro mnpoduio. 3 METO
CKOpPOYEHHSI JIOBXKWHU I1I€Xy ¢ Kpamoro BUKOPUCTAHHS WOTrO IUIONI KJITI
pO3TAllIOBYIOTh y KUIbKAa TapajenbHux JiHiM. Ha craHax 3 mociigoBHUM

pO3TalllyBaHHSIM KIIITEW pO3KaT OJHOYACHO MepeOyBa€ TUIbKM B OJHIM KTl Y
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3B'S3KY 13 IIUM BIJCTaHb MDK KJITSMHU 301IBIIYETHCS BIJ IMEPIIOi 10 OCTaHHBLOTO,
TOMY IO JOBXHWHA PO3KATy 30UIBIIYETHCSA. BimmoBimgHO 30UTBIIYETHCS ¥ dYacTOTa
oOepranHs BankiB. CTaHM AaHOI TPyNU IIHUPOKO 3aCTOCOBYIOTH IS TPOKATKU

COpPTOBHX MPODIITIB.

1.3 MertoaoJiorisi AOCTiAKeHHST Ta aHAJi3y po0OTH HeNepepBHOIO

JAPiIOHOCOPTOBOIO CTaHy AK 00'€KTa BUPOOHULTBA MIPHOI0 IPOKATY

TexHOJIOrIYHUI MpoIeC BHPOOHHUITBA MIPHOIO NPYTKOBOIO MIPOKATy Ha
Oe3MepepBHOMY CTaHI XapaKTEPU3Y€EThCsl 0araToCTaaiiHICTIO Ta 0arato(akToOpHICTIO
[1]. Bin sBise co6010 HaOip TEXHOJIOTTUHUX OMEPalliil 3 MOCIIIOBHOTO MEPETBOPECHHS
IIPOKATy 3 OJHI€T (hOPMU B 1HIY: 3arOTIBIISI-PO3KAT-CMyTra-IIakeT CMYyT-I1ayKa MpyTKIB
MipHOi 260 HeMipHOT JO0BXKUHH. OCOONHMBICTh KOXKHOI 3 HACTYITHUX OJIHA 33 OJIHOIO
omepaliid moyiArae B TOMY, HI0 ii Pe3yJbTaTH 3HAYHOIO MIPOIO 3aJIeKaTh BiJl

pe3yJbTaTIB MOMEPEIHBOI Omepallii 3a BIJCYTHOCTI 3BOPOTHOTO BIUIMBY. [Hakiie

n '

BUCIIOBJIIOIOUNCH, KOJKHA TEXHOJIOTIYHA OMepailisi BHOCUTH CBIM " BKJajg " 4acTKy
HEMIPHOT'O TPOKAaTy 3a CTaHOM 3arajoM BHACIIJOK il HepalllOHaJIbHOI OpraHi3ailii,
HECTaOUIbHOI POOOTH Ta KOHCTPYKTHMBHUX HEJOJIIKIB YCTaTKYBaHHS, MOCUIIOIOUN Y
CBOIH, a UM HE BUIIPABJISAIOUN, HeOaKaH1 pe3yIbTaTH MOMEPEHIX onepalii.

TakuM 4YMHOM, BHUXIJ MIPHOI MPOIYKLII BHUABISETbCS (PYHKIIOHAIBHO
MOB'S3aHUM 13 CTPYKTYpPOIO BCHOTO TEXHOJOTIYHOTO MPOIIECY Ha CTaHl, a TaKOX 3
MOXJIMBOCTSMHM OOJIaIHAHHS Ta PEKUMaMU Horo poOoTu. 3aBAaHHS 301TbIICHHS
BUITYCKY MIPHOi MPOIyKLIi MOXKe OyTH BHUpPINIEHO 32 YMOBU PO3KPUTTS (popM Ta
KUTBKICHUX IMOKA3HUKIB IINX 3B'I3KIB.

JUist OTpuMaHHS MaKCHUMaJbHOTO BHXOJy MIPHOTO MpoKary "ijeasbHuM"
MAKEeTOM CJIiJI BBaXKaTH TaKWM, B IKOMY BCl 0€3 BUHATKY CMYTH CTOPLIbOBaHI, KpaTHI
3aMOBHIM JOBXXHHI TIPYTKa, SIKICTh TOPIIB cMyr BiamoBimae Bumoram JICTY, mpu

MEePEMIIIICHH] POJIbraHTOM, 110 BIABOASTH, XOJOAWIBHUKA HE 3MINIYIOTHCS BITHOCHO

OJIMH OJHOTO 1 BCTAHOBJIOIOTHCS MJISl TIOPI3KH HA CTAI[IOHAPHUX HOXKHUIIAX Tak, 100
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JOBXKMHU MPYTKIB y TEPIIiA Ta BCIX YEProBUX Maykax Oyiau OAHAKOBUMHU. Tak sk
makeT 3aBkAu "HelgealbHUN", TO KUIBKICTh MIPHOTO MPOKATy, SIKHH BIAETHCA
peaNbHO BUAUIMTH 3 TMAaKeTa CMYT, BUSBISAETHCS 3aJCKHUM BiJl BEIHKOI KUIBKOCTI
HETOCTIMHUX (haKTOPIB: MO3J0BXKHBOTO 3MIIIEHHS (PO3KHUIaHHS) TOPIIB CMYT ITCIIS
iX 3ynmuHKW B KiHII (a3u CKUJaHHS HA XOJOAWIBHUK, JOBXHWH CMYT Y IIaKeTi,
KOOpPJIMHATH TIEPECYBHOTO YIOpPY, TOYHOCTI 3YNMUHKH IaKeTa Ha CTalllOHApHUX
HOXKUIAX JUISI pi3aHHs, 3aJaHuX OOMEXKEHb Ha BIJICOTKOBHUM BMICT HEMIPHOTO
MPOKATy B MiJICYMKOBUX pe3yJibTaTaxX MPOIIECY Pi3aHHs MakeTa (3aJaHuil MOKa3HUK
COpPTHOCTI) Ta 1H.

OuiHKa TpaHUYHUX MOXKJIMBOCTEH aHaTI30BAaHOTO OJIOKY B ACIMEKTI BUXOIY
MIpHOI TPOMAYKIIIi, 110 I[IKABUTh HAC, MOXKE€ OyTH MPOBEJCHA B MPUMYIICHHI, 110
JIOBKMHA BCIX CMYT B IMaKETI OJJHAKOBA 1 3 ypaxyBaHHSM JOBXHHH MIPHOTO MPYTKa,
70 KPaTHOCTEW, BEIMYMHU PO3KUIY, a TAKOXK 1HTEpPBAIY JTOBXKUH HEMIPHUX MNPYTKIB
JIOTYCTUMOi COPTHOCTI.

OdyeBuHO, IO 3MEHIIIEHHS BTPAT MOKJIMBE 32 YMOBU CKOPOUYEHHS PO3KHIY Ta
3a0€3MEeUYEeHHsS] KpPAaTHOCTI JIOBXMHU CMYT JIOBXKMHI MIPHOro JpoTy, ToOTO. VY
pealbHUX YMOBAaX, KOJU JOBXHHH CMYT Yy TIAKeTI PO3PI3HAIOTHCSA, PO3KUI
BU3HAYAETHCS IBOMA HE3AJIC)KHUMH BUIAJKOBUMH CKIIAJOBUMU: BiIXUJICHHIM ILIAXY
raJIbMyBaHHS CMYyT Ta KOJMBAHHSIMH iX JOBXHHHU, fAKI € pPe3yJbTaTOM pPOOOTH
MONEePEAHIX TEXHOJOTIYHMX OJIOKIB. Y IIbOMYy BHIIAQJIKy 3'SIBIIIETHCS JIOJATKOBA
MO>KJIMBICTh CKOPOYEHHSI BTpaT LIJISXOM IMEPEPO3NOJLTY PO3KHAY MIX MOYATKOM 1
KIHIIEM TakKeTa, a OTXKe, Ma€ OyTH TOCTAaBJICHO 3aBJaHHS TOIIYKY ONTUMAaJIbHOI
KOH(pirypariii nakera.

[IpakTrka poOOTH OUISTHKUA CTalllOHAPHUX HOXKHI[h MOKa3ye, 10 HaBITh y pasi
"ieaTbHOTO" TOPIIOBAHHA CMYT Yy TMAKETI Tepel MOYaTKOM TPaHCHIOPTYBaHHS,
KOH(irypallisl rmakera, BCTAHOBJIEHOTO Ha pi3, Oyje nopyiieHa. BecraHoBieHo, 0 B
mpolleci TPAHCIOPTYBaHHS CMYTM B CEpeAHIA YacTHHI TaKkeTa 3AIHMCHIOIOTH

nepeMilleHHs] MEHIIIe, HIXK MepeMIleHHs] cMYT 3 000X OokiB. [10310BXHE 3CyBaHHS
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O1yHMX 1 cepeaHix cMmyr nocsarae 0,4 M, a Horo xapaxkrtep MoBTOproe (Gopmy OOUKH
POJIMKIB, SIKa B CEpEHIN YaCTHHI 3HOIIICHA 3a3BUYall O1IbIIE, HIXK MO KpasX.

BcTanoBiieHO Takoxk, 110 P TPAHCTIOPTYBAHHI MOKE BUHUKATH MPOCIN3aHHS
CMyr 10 poJiuKax pousbranry. JlocmipkeHHs  0coOJMBOCTEH  Mpoliecy
TPaHCTIOPTYBAHHS MaKeTa JO3BOIMIO BU3HAYUTH YMOBY BUHUKHEHHS. JloBeIeHO, 110
MIPOKOB3aHHS OOYMOBJICHO 3HAYEHHSIM JIESKOTO MapameTpa, Ha3BaHOTO MapaMeTpoM
MakeTa 1 XapaKTepu3ye BITHOIICHHS HABEJICHOI JI0 POJIMKA POJIbTAHTy Macu MpOKaTy
Jn g0 MomeHTy iHepuii o0epToBMX Mac poJsimka. IIpocnu3aHHs BHHHUKAe MpH
3HAYEHHSIX a MEHIIIE KPUTUYHOTO [5]

M_R

_ h 1,

 ngl, -

Oy o

ne My - myckoBHil MOMEHT npuBoAy, R - Paaiyc ponukiB, | -KoeilieHT TepT,
g - MPUCKOPEHHS CUJIH TSOKIHHS.

Od4eBuHO, 1110 HAWOLIBIIT KPUTUYHUM € TPAHCIIOPTYBAaHHS "NErkux'" MakeTiB,
K1 3a3BUYall YTBOPIOIOTHCS HAIIPHUKIHII MMOPI3KK Y€ProBOi MapTii MeTamy.

JlonaTkoBl BTpaTd MIPHOTO TPOKATy BHUHUKAIOTh TakK0X BHACIHIJIOK
JTWHAMIYHOTO BIJICKOKY TTaKeTa IpH Horo yaapi 00 ymop.

I[li nBa ¢akTOpu BH3HAYAIOTh HEOOXIJHICTH PO3POOKM CIIELiaII30BAHOTO
oOnajHaHHs, 3JaTHOTO 3a0€3MeYuTH CTaOUIbHE TPAHCIOPTYBAHHS MakKeTa 3
IPUCKOPEHHSM, L0 PETYIIOETHCS, 1 HOTO TOUHY 3yNIUHKY Ha YIIOpI.

Po3kun cMyr y makeri, 0 HAJAXOAUTh HA HOXHUIN XOJIOJHOTO pi3aHHS,
0OyMOBJICHHH 3 OTHOTO OOKY KOJIMBAHHSIMU X JIOBKWUHU Ta HEKPATHICTIO 11 TOBXKUHI
MIPHOTO TpYyTKa, a 3 IHIIOTO — HETOYHUM YKJIaJaHHSM CMYTI Ha XOJOJIWJIbHUK.
BucyBaroun BUMOTH 0 TEXHOJIOTIT Ta poOOTH 00JIaIHaHHS HA MPUHMAaJbHINA CTOPOHI
XOJIOMWJIbHUKA, CI1J BUKIIOUUTH 3 PO3IIISLY HepuUly Ipyly MPUYMH, OCKUIBKH BOHU
MOB'A3aH1 3 TEXHOJOTIE€I0 PO3KPOI0 HA JETKUX HOXKHULAX 1 X HACIHIIKU HE MOXKYTb
OyTH KOMITIEHCOBaHi poO0TOI0 00JIaHAHHS Ha JUISHIIL, 10 PO3TIISIIAE€THCS.

[TimctaBot0o po3pOOKM KOHIIEMINI BITYYTHOTO 3HUKEHHS BTpPAT MIPHOTO

IMPOKAaTy Ha XOJOJAWJIbHHUKY 3 JOIIOMOI'OX0 TOYHOI'O HOSI/IHiOHyBaHHH CMYT 3 HOoro
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HAaCTWJII CTaJM Pe3yJbTaTh TEOPETUYHOrO aHalli3y Mpolecy rajabMmyBaHHs [1, 7, 12,

19]. TIlepemymMoBOIO TakoOro aHajizy CTajlo MPOBEACHE IIMPOKOMACIITAOHE

TOCIIKEHHST KoedillieHTa TepTs mpu raiabmyBanHi [8, 21], mo mg03BOMHIIO

3aMpoNOHYBAaTH JUIsI PO3PAXYHKIB €KCIIEPUMEHTAIbHY 3aeKHICTD (prc. 1.8)
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Pucynok 1.8. 3anexHicTh KoedillieHTa TEpTs BIJ LIBHJIKOCTI KOB3aHHS IPHU
raneMyBaHHi: 1 - @ mamux, 2 - JUIS BENMKHUX MIBUAKOCTEH, 3 - MepeTBOpeHa

3QJIEKHICTD

[Ipu awnamizi [5] TOYHOCTI yKJIaJaHHS CMYT Ha XOJIOJWJIBLHUK BUKOPHUCTaHI
nudepeHIiaabHl PIBHIHHSA PYXy CMYTH y TphoX (ha3ax rajibMyBaHHS 3 ypaxXyBaHHSAM
KOHCTPYKTUBHUX TApaMeTpiB  KJIAMaHHOTO CKHAyBada. TOYHICTH 3YyNMUHKHU
rapsueKkaTaHuX 1 TEPMO3MIIIHEHUX CMYT OIlIHIOBajacs IUIIXOM BU3HAUYCHHS
Yy TIUBOCTI TAJIbMIBHOTO IISIXY IO TEXHOJIOTTYHHUX MTapaMeTpiB.

AHani3 CKJIagoBUX JAMcHepcii MpU BUIBHOMY TrajbMyBaHHI IOKa3aB, IO
HAWOUTBIII 3HAYYIIMMH € TIOYaTKOBA MIBUAKICTH CMYT Tepea raibMyBaHHIM (54%),
koedimienT Tepts (31%) Ta iHepHiNHICT, MeXaHI3My CKUAyBaua (TUMYacoBa
3aTpMMKa BiJi MOMEHTY BHJa4l KOMaHJM Ha BKJIIOYEHHS CKHIyBada JO MOMEHTY

BXO/[)KCHHSI FaJIbMiBHMX ITOBEPXOHb KJIANaHIB Y KOHTAKT 31 cMyroro (15%).
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[Ipu mpuMycoBoMy TrajgbMyBaHHI 0 TMepepaxoBaHUX (HAKTOPIB JOJAETHCS
noBxkuHa cMmyr. [IpudyoMy BIuMB 1Mx (akTOpiB Ha TaJbMIBHY JUCIEPCIIO MUISXY
po3noauIseThes BiamoBimHO 8%, 82%, 8% Ta 2%.

Hocin excrutyatarii HMC 1 gaHi ekcniepuMeHTaIbHUX J0CIiKeHb [1, 7, 19]
MOKa3yI0Th, III0 OCHOBHA MPWYMHA HECTAO0ITLHOCTI MIBUAKOCTI CMYT, IO HAAXOMISTH
Ha KJIAMaHHWM CKHJay, MOJISIra€ B HEpal[lOHAIBHOMY HaJalTyBaHHI IIBHUIKICHOIO
peXUMY TPAHCIOPTYIOUOIO pOJbraHra, MpU SKIH pO3riH CMYTH HE BCTUTAE
3aBEpIIMTHUCA O MOMEHTY TMOYaTKy TajabMyBaHHs. PaiioHanbHE HajamITyBaHHS Mae
3a0e3neyyBaT KOMIUIEKCHE JOTPUMaHHS JBOX BHUMOI: 0e3aBapiiiHOro MOJALTY
CYMDKHMX CMYTI Ha KJIAlaHHOMY CKHIyBaul Ta cTaOuTli3allii IIBUIKOCTI CMYT Ha
noyatky ranbmyBaHHA. Ilpu BuOOpl pexuMiB poOOTH  TPaHCHOPTYHOYOTrO
yCTaTKyBaHHS CJiJI BPaXxOBYBAaTH OCOOJMBOCTI TPaHCHOPTYBAHHSI TEPMO3MIITHEHUX
CMYT, TaKl SK 3HWKEHHS KoedillieHTa TEPTS 1 HASBHICTh T1IPOTPAHCIOPTYHOHOTO
e(heKTy TePMOYCTaHOBKH.

HecrtabinpHICTh poOOTH MEXaHI3MIB XOJOJIUIBLHUKA TOB'sI3aHA 3 YTBOPECHHSM
TO(PTOBUX MPOMIDKKIB y CIOJTYYHUX BY3JIaX, TEIUIOBUM PO3LIMPEHHSIM €JIEMEHTIB
KOHCTPYKIli Ta IHIIMMH TpPUYMHAMH. BUKIMKaHI HUMH BIIXWICHHS MOMEHTY
MoYaTKy TalbMyBaHHS CTaHOBIATH Bix 0,5 mo 2% [5]. lle Bu3Hayae HEOOXIIHICTH
CTBOPEHHSI KOHCTPYKIIIi CKUyBaya, 0 BUKJIIOYAE BIUITUB X (PaKTOPIB.

3MEHIIEHHS PO3KHIy CMYI Ha XOJOIWIbHHKY BHMarae cradimizamii ado
KOMIIEHCallli KOJIMBaHb KOE(II€HTA TEPTS IUIIXOM KOPUTYBaHHS MOMEHTY MOYATKY
raibMyBaHHS (ckunanHs). [Ipyu oMy CITiJi BAKOPUCTOBYBATH CTPATETII0 CKUIAHHS
cMyT "o TopIo", He3anepeyHi MepeBaru Kol nmepes] CTpaTeriero CKuaaHHs "mo pizy"
OyJIM IEPEKOHJIMBO JOBeJIeH1 y psai poOiT [1, 12, 9]. OcobnuBy npuBaObIMBICTh Ma€
opraHizaiisi CKHJAaHHS CMyT Ha XOJOJWIBHUK "MO TepeaHbOMYy TOpIO", sKa
JTIO3BOJISIE 3MEHIIMTH PO3KHJ Ha TOJIOBHIM YacTUHI TMaKeTa 1 CYTTEBO CIPOCTUTH

BUPOOJICHHSI PO3KPIMHOrO IUIaHy MIPHOTO Pi3aHHS Ha CTalllOHAPHUX HOXKHIIX.
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Onnak, TpW ICHYIOUYIM KOHCTPYKINi KJIamaHHUX CKUJA4iB 1€l crmocid mpu
MIBUIKOCTSX TpokaTy Ourbme 10 M/c HEMOKITUBHUM. Horo peaizaliiss MOXKJIMBA T
Yyac BUPIMICHHS 3aBIaHHS MMOLTY CyMDKHUX CMYT HA IMOYATKy TaJIbMyBaHHS.

Oco061MBI Ta HAA3BUYANHO IIUPOKI MOXKIIMBOCTI IIOJ0 MO3HUIIIOHYBAaHHS CMYT
M YKJIaJaHHI HA XONOJWIBHUK HAJae IPHMYCOBE TraJbMyBaHHS Hpokary. Moro
3acToCyBaHHs 3a0e3rneuye 3HayHe (B 1,5-2 pa3u) CKOpOUEHHS NUIAXY TaJIbMyBaHHS,
OT)Ke 301IbIIIEHHS IBUAKOCTI MpoKaTtku Ha 1-2,5 m/c [3, 1, 13, 15, 17]. IIpoTe noci
3aBJaHHS 1HTeHCU]IKAIlli raTbMyBaHHS PO3TIILAANIACs TIEBHOIO MipOIO 130JIbOBAHO BiJl
BUMOT 30UIBIIIEHHS] BUXOJY MIPHOTO MpOKary. B pe3ynbrari MUTaHHA MPO MICIe
3aCTOCYBaHHS JI0 CMYTH JOJAaTKOBOTO TaJIBMIBHOTO 3yCHIIS OyJIO OIHO3HAYHO
BUpILNIEHE HAa KOPUCTH JIIHII MIAAOMHUX KIAMAHIB CKHUJyBaya. 3acilyrOBYE, TUM
yacoM, Ha yBary 1 BapiaHT PO3MIIICHHS MPUCTPOIB MPUMYCOBOIO TaIbMyBaHHS B
NpPUIAMaIbHOMY CTPYMKY pPHUXTYBAJIBHOTO K0J00a (Ha MPOMIKHUX CTIHKaX)
XOJIOAWIbHUKA, SIKMM J1a€ MOJKJIMBICTH 1CTOTHOI 3MIHM TajbMIBHOTO MIIAXYy O3
BTPYYaHHS B MPOIIEC MOy CYMDKHUX CMYT Ha KJlaraHax.

[IparHeHHS TOYHOI YKJaJaHHS CMyT HE BHUKIIOYAE€ BUKOPHCTAHHS
M1PIBHIOBAIOYOTO POJIbTaHTa Ha XOJIOIUIBHUKY [9].

JloMiHYIOUHA BITMB Ha TOYHICTH PO3KPOIO HAJA€ JOBKHHA PO3KOUYBaHHS, 1110
YTBOPIOETHCS HA BUXO/JII YUCTOBOI KJIITI cTaHy. BumankoBuit xapaktep 31e0UTBIIOTO
BU3HAYAa€ BTPATH MIPHOI TPOAYKIIi Ha aHamM30BaHIA AUISHIN. Y CBOIO 4Yepry
JIOBXKMHA PO3KATy 3aJIeKUTh BIJ JOBXWHU 3aroTOBKH, IUIONI ii MOMEPEYHOTO

nepepizy 1 reOMETPUYHUX PO3MIPIB (MIEPETUHY) TOTOBOTO MPOQIIIO.

1.4 3anaui po6oTu

Metorw poboTH € 30UIbIICHHS BUXOAY MIPHOI MPOIYKIT APiOHOCOPTHOTO
MIPOKATHOTO CTaHy 33 PaXyHOK PETYJIIOBAHHSI JIOBKUHU MTPOKATY.
Jlns  mOCATHEHHS TIOCTaBJIEHOI METH BHHHUKIIA HEOOXIIHICTh BHPIIICHHS

HaCTYIIHUX 3aBIAaHb:
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— BUKOHATHU aHaJI3 TEXHOJOTIYHOrO MPOIeCy BUPOOHHUIITBA APIOHOCOPTHOTO
MIPHOTO TPOKaTy 1 OCOOJMBOCTEH KepyBaHHS pPOOOTOIO MPOKATHOTO CTaHy st
BUSIBIICHHSI TIPIOPUTETHUX 3aBIaHb aBTOMAaTH3allli MpPOIECY KepyBaHHS BUXOJOM
MIpHOI MTPOAYKIIIT,

— nmoOyayBaTh MaTeMaTH4YHY MOJENb YUCTOBOI IpymHu KIITEH, po3poOuTH ii
IporpamMHy peaji3aiilo Ta TMPOBECTH JOCHIDKEHHS TMpoliecy (GOpMyBaHHS
F€OMETPUYHUX PO3MIPIB MPOKATy 3 METOK BHM3HAYEHHS [IJISHOK MPOKATy Ta
3aKOHOMIPHOCTI iX (pOpMyBaHHS 33 PaxXyHOK PETYJIIOBAHHS JAOBKUHU SKUX MOKJIHBO
KEepyBaHHS BUXOJOM MipHOT IPOYKIIii;

— JOCHIIUTH TPOIEC KepyBaHHS TOBKHHOIO MPOKATy 4Yepe3 3MiHY PEeKUMY
OOTHCKY TpH HASBHOCTI CHCTEMHU KEpPyBaHHS HATUCKHUMH TBUHTAaMH, BU3HAUUTU
CTparerii KepyBaHHS Ta PO3POOUTH aHATITHUYHI 3acaaud MOOYJOBH CHUCTEMU
KEepyBaHHS,

— JOCHIAUTH MPOLIEC KEpyBaHHS JOBKUHOIO IIPOKATy 4Yepe3 3MIHY MOro HaTATy
IpU HAsIBHOCTI aBTOMATHUYHOI CHCTEMH CTa0umi3aulli HATIry, BU3HAYUTU CTpaTerii
KEepyBaHHs Ta po3pOoOUTH aHATITUYHI 3acaJu MOOYJOBU CUCTEMH KePyBaHHS;

— JOCHIAUTU MPOLEC KepyBaHHs JOBKUHOIO MPOKATy 3 METOK BCTAHOBJICHHS
MO>KJIMBOCTI 1i MPOTHO3YBAaHHA NpPH ONEPATUBHOMY pPEryJIOBaHHI; — JOCHIAUTH
dbopMyBaHHS TEOMETPUYHHUX PO3MIPIB MPOKATY HA TPAHUIISX MOJIB JOMYCKY 3 METOIO

BU3HAYCHHS OOMEXEHb Ha PETYJIIOBAHHS WOTO JTOBXKUHHU.
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2 JOCJIKEHHS MOKJIUBOCTEM PETYJIFOBAHHS JIIHII KJITEH 3
KEPYBAHHS JOBKUHOIO IPIBHOCOPTHOI'O IPOKATY

[IpenmeToM nocaimkeHHs € mpoliec GpopMyBaHHSA MpoPuUIO IPIOHOCOPTHOTO
MIPHOTO TIPOKAaTy 1 OOTPYHTYBaHHS 3arajlbHOTO 3aKOHY pEryJIIOBaHHS HOro
JOBKMHOIO. B aHuii yac npoBeeHHs AOCTIIKEHb PETYIIO0UYUX MOKIMBOCTEN JIIHII
KJITEHN 3 KEpyBaHHS JOBKUHOIO IPOKATy MOXJIUBO TIJIbKUA MOJEIIOBAHHAM, OCKIJIBKU
noaiOHI  eKCIIEpUMEHTaNIbHI  JOCHIDKEHHS  CYNpPOBOJKYIOTBCS  ICTOTHUMH
€KOHOMIYHUMH BUTpAaTaMy Ha BUPOOHUITBI, MOXKYTh MPU3BOJUTH /10 BTPAT TOBAPHOI
OPOAYKLIi Ta aBapiiiHUX cuTyaliili. MareMaTuuHi MOJENl OKPEMHX MIpPOLECIB, L0
MPOTIKAIOTh HA MPOKATHUX CTaHax, 100pe BUBYEHI 1 IPEICTABIICHI SIK Y BITYU3HAHIM,
Tak 1 3apyODKHINA miteparypi. OpHaK MoJeiai OKpEeMHX MPOIECIiB YacTo cJiabo
MOB’s3aHl MK €00010. {7 JOCHIKEHHST PETyIIOIYUX MOKJIMBOCTEH HEOOX1THO

PO3pOOUTH KOMITJIEKCHY MOJIEIb MIPOLIECY TPOKATKY B YUCTOBIHM TPyl KIITEH.

2.1 CTpykTypa MojaeJti ABOXKJIITHOBOI0 CTAHY

HocnimkeHnHss mporecy QopMmyBaHHsA MpoduUI0 MpoKaTy IMOKa3zalu, IIo
MIHIMAJBbHOIO OJMHHUIICI0 HMOT0 OIMUCY € MDKKITHOBUU mpomikok [2, 20, 49]. B
pe3ynbTaTi  HOTO  JEKOMIIO3WINI BHILICHI OKpeMi mporecu: (QopMyBaHHA
r€OMETPUYHUX PO3MIPIB PO3KATy, 3MIHM KIHEMAaTUYHUX 1 EHEPrOCUJIOBUX MapaMeTpIB
MPOKATKH, TPAHCIOPTYBaHHS poO3KaTy B mpomibkky. Ha mimcraBi  1poro
3aMpPONOHOBAHO CTPYKTYPHY MOJIENb JBOXKIITHOBOrO cTany (puc. 2.1), sika BKIIO4ae
OJloku: 1MITalli 3aroTOBKM, KJITEH Ta 1X HaJalTyBaHb, EJIEKTPOIPHUBO/IIB,
MDKKJIITBOBOTO TMPOMIKKY. OCHOBHUMH HEAOJIKAMH JIaHOI CTPYKTYPH € HAsBHICTDH
3aiiBUX TIEPEXpPECHUX 3B’A3KIB MDK OJOKaMu: MOALI Tpouecy (popMyBaHHs
KIHEMaTHYHUX TIApaMeTpPIB TMPOKATKH MDK OJIOKAaMH €JIEKTPONPUBOTY 1 KIIITI,
BUHECCHHSI YaCTUHU TpoIiecy (OpMyBaHHS T€OMETPHUYHUX PO3MIPIB MPOKATY B OJIOK

MDKKJIITROBOI'O TPOMIKKY, 3arajbHe HaJIAIITYBaHHS YCIX MPOLECIB B KIITI, yepes
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oauH OJIOK, 110 MPU3BOIUTH 10 00’ €THAHHS MOCTIMHUX 1 3MIHHUX HapameTpiB. Take
CTPYKTYpHE pIIICHHS 3HA4YHO YCKJIAJHIOE HaJalITyBaHHS MOJEN 1 aHami3
pe3ynbTaTiB ii podoTr. KpiM TOro BOHO HE 3aJ0BOJILHSE 3aBAAHHIM JIOCIIIKCHHS
TOMY III0 HE Tiepeidadae ornepaTHBHOTO KepyBaHHS TporiecoM (hopmyBaHHs Mpodisto

IPOKarTy.
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Pucynok 2.1 — CTpykTypa Mozl ABOXKIITHOBOTO CTaHy

hgx1, Ry, — BHCOTA pO3KaTy Ha BXOJI B KJIiTh, bgy,, Dy, — HIHPHHA PO3KATy Ha BXOJII B
KITh, Tgyxy, Tpxy — TEMIEpATypa po3KaTy Ha BXOMAl B KJITh, j — KOE(IIEHT MOJENi
penykropa, R — paniyc Bajkis, Cy, kg, Ky~ koebiuienTd, z — BUCOTa 3a30py Mixk
BaJIKAMH, M,, M, — MBUAKICT 00EpTaHHS ENEKTPOJABUIYHA, Ny,, Ny, — YyCTaBKa
IIBUIKOCTI OOEpTaHHS €JeKTPOIBHUTYHA, Mgy, Mpyxz — BUCOTA PO3KATy HAa BHUXOJII
KINTL, Dgyxys Ppuxz — NIMPHHA PO3KATY HA BUXOJ1 3 KIITIL, Tgyy, Igxz — TEMIeparypa
pO3KaTy Ha BXOJl B HACTYIHY KJITb, Tgyx1, Ipux2 — TEMIIEpATypa po3KaTy Ha BUXO/I 3
KT, M;, M, — MOMEHT NIPOKATKH, (g7, Jo — HATAT PO3KATY HA BXOJI B KJIITh, G411, (12

— HATAT PO3KaTy Ha BUXOJI 3 KJIITI.

3a pe3yapTaTaMy aHali3y BHIIE HABEACHOI CTPYKTYpH 3allpONOHOBaHA
YTOYHEHA CTPYKTypa MOJENl JIBOXKJIITHOBOTO cTaHy (puc. 2.2) 10 CKIaxy sKOi

BXOOATH MOI[CJ'IiI pO3KaTry, CUCTCMH KCPYBAHHA HATHCKHHUMH I'BUHTAMH, CHCTCMHU
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KepyBaHHS IMIBUJIKICTIO OOEpTaHHS BaJKIB, KJIITI Ta MIKKIITBOBOIO MPOMIKKY [11,
42]. 3amicTh OJIOKY iMiTaIlii 3arOTOBKHM 3alpOMOHOBaHA MOJEIb PO3KaTy, SKa €
OKpEMHUM BHIIaJJKOM MOJENl MIKKIITHOBOTO NpoMiKKy. IIpomec ¢dopmyBanHs
KIHEMaTUYHHUX [apaMeTpiB MPOKATKH 00 ’€AHAHO B MOJEN CHCTEMH KepyBaHHS
mBUAKOCTI o0OepTaHHs BaikiB. I[lpomec ¢opMyBaHHS TE€OMETPUYHHMX PO3MIpIB
npokary o0’e€qHaHO B MOJedl KJiTi. BiAmoBigHO 10 3aBIaHb IOCTIHKEHHS JT0JaHa
MOJIeJIb CHCTEMHM KEpyBaHHS HAaTUCKHUMHU TBUHTaMU. HanmamrTyBaHHS OKpeMHX
MPOIECIB BHECEHO [0 BIAMOBIAHUX 1M Mojened. Jlns peanmizaiii onepaTUBHOTO
KEepyBaHHsI IpolecoM (POPMYBaHHS T'€OMETPUYHOrO MPOQUII0 MPOKATy 3 MOJENeH
CUCTEM KEpyBaHHS BUHECEHI YCTaBKH: BHCOTH 3a30py MIXK BaJIKAMHU Ta HIBUIKOCTI

oOepTaHHS BaJIKiB.
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Pucynoxk 2.2 — YTouHeHa CTpyKTypa MOJIel IBOXKIITHOBOTO CTaHy
Zyq, Zy, — YCTAaBKa BUCOTH 3a30pYy MK BaJIKaMH, Z;, Z, — BUCOTA 3a30py MK BAJIKAMH,
Ny, Ny, — yYCTaBKa LIBHJIKOCTI 00epTaHHS BaJKIB, N, N, — IIBUIAKICTb OOepTaHHs
BAJIKIB, [, [, — IOBXKMHA PO3KATy HA BUXO/I1 3 KJIITI.
3anpomnoHoBaHa CTPYKTypa MOENl JABOXKIITHOBOIO CTaHy 3aJI0BOJIbHSIE
3aBJAHHAM JIOCHIIPKEHHA 1 B MOPIBHSAHHI 3 ICHYIOUMMH CTPYKTYypaMH, HE Ma€ 3aliBUX
NepexXpecHuX 3B’SI3KIB, MPHUXOBYE MapameTpu, S[KI 3aJIUIIAIOTHCS HE3MIHHUMHU B
MPOIIeCi MOJICTIOBAHHS, 110 3a0€3Medyr0 OUThII MPOCTE HANAMITYBaHHS, CKOPOUCHHS
yacy MOJCIOBaHHSI Ta CIPOINCHHS aHalizy pe3yibTariB jgociaipkeds [10]. B

CTPYKTYpY MOJENI JO0JaHl HOBI €JIEMEHTHU: MOJENIb pPO3KaTy, MOJENIb CHUCTEMHU
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KepyBaHHS IIBUJKICTIO OOEpTaHHS BaJKIB Ta MOJEIb CHCTEMH KEpyBaHHS
HAaTUCKHUMU TBHHTaMU. OTprUMaHa CTPYKTypa J03BOJISIE peaizyBaTH il €JIEMEHTH, SIK
IITICHI Ta 3aKiHYeHI MOJEN Ta BUKOHYBAaTH iX HE3aJCKHO HAJIAINTYBaHHS Ta
JTOCITIIKEHHS.

2.2 Po3po0Oka mojeli IBOXKJIITHOBOI0 CTAHY

dopmo3MiHa METally B MPOKATHIM KIITI € J0Ope BHUBUCHUM MPOILIECOM HaJ
MAaTEMATUYHUM OMMCOM SIKOTO MPAIlOBAJIO MIMPOKE KOJo BueHux [5, 13, 17, 23]. ¥V
3B’SI3KY 3 IIMM OCHOBHOIO MTPOOJIEMOIO TIPH MOOYI0BI MOJIEII € CUCTEMAaTH3allisl, BUOIP
1 Y3rO/DKEHHS aHAJIITHYHUX PIINIEHb, SKI 33J0BOJBHSAIOTH BUMOTraM (OpMyBaHHS
npodurro mpokary. fIK BHIUIMBAE 31 CTPYKTYpH MOJEII JBOXKJIITHOBOIO CTaHy,
MOJIeNIb KJIITI Ha MiJICTaBl BXIAHUX MMapaMeTpiB BUCOTH, IIMPUHU Ta TEMIIEPATYpH
pO3KaTy, MIBHJIKOCTI OOEpTaHHS BaJKIB 1 HaJalITyBaHb KIITI (OpMYy€e BUXIJIHI
napameTpu BUCOTY, IIUPUHY Ta TEMIIEpATypy PO3KaTy, MIBUIKOCTI Ha BXO/1 1 BUXO/II
KJIITI, JOBXHHY PO3KaTy 1 MOMEHT MpokaTkh. OCKUIbKM MOJENb ABOXKIITHOBOTO
CTaHy MOX€ BHUKOPHUCTOBYBATHCS JJII MOJENIOBAHHSA IMpPOILECY MPOKATKU PI3HUX
npo B MPUHUHATO B SKOCTI CHOCOOY OMUCY T'€OMETPUYHUX PO3MIPIB IMPOKATY
BUKOPHUCTATH METOJ BiAMOBIIHOT cMyTH. JlaHWIA METOJ] € OCHOBHUM TIPU PO3PAXYHKY
po3MipiB KamiOpiB 1 HaOyB NIMPOKOrO TMONIMPEHHS B MPAKTUIl MOJEITIOBAHHS
mporieciB BUpoOHUIITBA npokaTy [14, 33, 34, 24, 36]. Buxoasuu 3 BUIlIe3a3HAYCHOTO,
BUIUIMBAE, 1[0 MOJENb KJITI, IPYHTYETbCS HA AHANITUYHHUX PIMICHHSIX 3 Teopli
MO3/IOBXHBOI MPOKATKH, & 3aMICTh MPOKATKH B KajdiOpax peaizyeTbCs Mepexis 10
MPOKATKU Ha THajkii Ooulll. BiAmoBigHO 10 Teopii MPOKATKU 3HAYEHHS BEJIMYUHU
pO3KaTy Ha BUXO[1 3 KJITI 3aJ€KUTh BiJ BUCOTH 3a30py MIX BajKaMM, Ha MiACTaBl
IIOTO BHUCOTA PO3KATy Ha BUXOJI 3 KJITI JOPIBHIOE BUCOTI 3a30py (puc. 2.3) [14, 24,
40]:

hy =z, 2.1)

ne h; — BucoTa po3kaTy Ha BUXO/I 3 KJIITI (M), Z — BUCOTA 3a30py MIJK BaJKaMu (M).



Ah

Ab '
- \--H]- N - |-

Pucynox 2.3 — Ilpouec ¢popMOyTBOpEHHS pO3KaTy Ha BUXO/1 3 KIITI

ho — BUCOTa po3KaTy HA BXOl B KJIITh, Z — BUCOTA 3a30Py MK BalkamMu, h; — BHCOTa
po3katy Ha Buxoal 3 kT, Ah — aOcomoTHe 0O0THCHEHHS, V), — NiHIliHA MBHIKICTH
MIOBEPXHI BAJIKIB, R — pajlyc BajKiB, N, —4acToTa 00epTaHHs Bajikis, O — LIEHTp BaJIKa,
M — enexTponpuBOJ BalKIB, @ — KYT 3aXOILICHHS, [q — JOBXKMHA OcepeaKy Aedopmanii,
u — WBUAKICTH aedopmartii, Ab — po3mmpeHHs po3kary, by — IIMpUHA PO3KATy Ha BXOI

B KJIITh, b; — IIMPHHA PO3KaTy HA BUXOJI 3 KIITL
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Ha miacTaBi BUCOTH PO3KaTy Ha BXOJ1 B KJIITh 1 BUCOTH PO3KaTy Ha BUXOI 3
KIIITI BU3HAYAETHbCS MOr0 a0CONOTHE OOTHCHEHHS, IO BUKOPHUCTOBYETHCS B
OUTBIIIOCTI MOJATBIIMX PO3paxyHKiB (puc. 2.3) [24]:
Ah =hy —hy, (2.2)

ne Ah — abcontoTHe o0TUCHEHHS (M), hy — BUCOTa pO3KaTy Ha BXO/I1 B KJITh (M).

[IIBuaKicTs 00EpTaHHS EIEKTPONPHUBOIY BaJKIB MEPEPAXOBYETHCS B JIHINHY
(OKpY’>XHY) IIBHJKICTb TOBEPXHI BaJIKiB 3 ypaxyBaHHSAM [ii IHEPIIHHUX CHUJI B
ocepenky nedopmartii (puc. 2.3) [14, 24]:

VWw=2-n-R-n,/60, (2.3)
ne V), — niHiliHa MIBUAKICTH MOBEPXHI BaJikiB (M/c), R — pauiyc BaJKiB (M), N, —
HIBU/IKICTh 00epTaHHs BaJKiB (paj/c).

Sk BenMuMHA, IO XapaKTEpU3y€ MOKa3HUK BHUCOTHOI AedopMaliii po3kaTy

CIIY>KUTh BIJJHOCHA BEJMYHMHA OOTHUCHEHHsI, SIKa BH3HAYA€THCS SIK YMOBHE BIJIHOCHE

OOTHCHEHHS, 10 BUMIPIOETHCS B YaCTKax oauHULb (puc. 2.3) [14, 24]:

__4h

€= o’ (2.4)
JIe € — BIJTHOCHE OOTHCHEHHS.
KyT 3axorieHHs: po3paxoBYyeThCsl HAOIMKEHO, TaK SIK P TAKOMY MIIXO/i HaBIiTh
Ha BEJIMKHMX KyTax noxuoOka nepedysae B Mexkax 1,0 + 1,5 % (puc. 2.3) [13, 15, 23, 72]:

_|an
a= |, (2.5)

Jie @ — KT 3aXOIUICHHS.
Ha miacrasi paaiycy BaJIKiB 1 KyTa 3aXOIUICHHA BH3HAYAEThCA TOBKHHA OCCPCIKY
nedopmauii (puc. 2.3) [5, 15, 17, 65, 73]:
la =R -sin(a), (2.6)
ne lq — noB:xuHa ocepenky nedopmarii (m).
J{1s1 mpaBUILHOTO BU3HAYEHHSI TUIMHHOCT1 METaly, BUXOJISIUM 13 3aKOHY 3MiHU
MIBUIKOCTI Aedopmarii y3710BXK IyTH KOHTAKTy, BAKOHYETHCS PO3PAXyHOK CEPETHBOT

mBUIKOCTI Aedopmartii (puc. 2.3) [14, 24]:



u=—
Ig

Jie U — cepeHs MBHKICTh Aedopmarii (¢™).

: 2.7)
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Jlis po3paxyHKy koedillieHTa HATATY KIHIIB pO3KaTy, KW BIUIMBAaE Ha

PO3IIMPEHHS] BUKOPUCTOBYETHCS BEIMYMHA TMEpPEAUTy IUIMHHOCTI Je(OpMOBAHOTO

MCTally. 3a3Buuai JaHC 3HAYCHHA BHM3HAYA€THCI Ha HiI[CTaBi CKCIICPUMCHTAJIbHHUX 68

nanux. OHAK 3 METOI0 CHPOIIEHHS MPOLIECY HaNAIITyBaHHSI MOJIEN1, OyJI0 MPUHHATO

PILICHHS] CKOPUCTATUCS EMITIPUYHOT 3aIexkHICTO [12]:

c
é‘T:S'é‘o'ua'(lO'E)b'(%) ) (2.8)
J¢ Op — Meika MHHOCTI Metany (Mlla), s, a, b, ¢— nocTiiHl Yucna, Kl € TabJIHYHHUMH
3Ha4YeHHAMU, Oy — Oa3oBuii Mexa rmHHOCTI (MIla), T, — Temneparypa po3kaTty Ha
Bx0/ii B KTk (°C).

Hatar kiHIiB po3kaTy, AKWAH BIJIMBAE HAa PO3IIMPEHHA BIAMOBIIAE KOCHIMIEHTY

Hatary [14]:

—1_972.9
Ca—l 2 5'1" (29)

ne Cs — koeIlieHT HATATY KIHIIB PO3KaTy, AKUi BIUTMBAE HA POLIMPEHHS, Gy — HATAT
po3katy Ha Bxoal B kiiTs (MIIa).
Y ¢BOI0 Hepry npoiiec 3aXOIJIeHHS XapaKTepU3yeThesi KoediieHTom tepts [24]:
f=K,-K, K3-(0,877—-0,00039-T,), (2.10)
ne f — koediuieHT Teptd, K; — koe]illieHT, 10 BPaxOBYe CTaH MOBEPXHI 1 marepia
BaJIKIB, K, — KOe(ILIEHT, 110 BPaXOBY€ BIUIMB LIBUAKOCTI MPOKATKU, K; — KOeQIIIEHT,

1110 BPAaXOBY€ CKJIaJl IPOKAaTyBaHOTO MaTepiany.

Sk nokaszaB MOpiBHSIILHUYN aHam3 [14] HaOUIBI TOYHI 3HAYCHHS PO3LITUPECHHS

pPO3KaTy pO3paxOBYEThCS 3 ypaxyBaHHSIM MOMPABOYHHUX KOe(DilleHTIB aedopmairii B

KaJiOpax 1 BIUTUBY HATATY PO3KaTy Ha Horo KiHIX (puc. 2.3):
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Ab:K-kf-Cb-Ca-(\/m-%)-ln(ﬁ—?), @.11)
ne Ab — posmupenHs po3katry (M), K — nonpaBouHuii Koe(IiuieHT po3IMUPEHHS, ki —
NONPaBOYHUN KOE(ILIEHT BIUIMBY (popMH KamOpiB Ha po3IUpeHHs, C, — KOe)IieHT
IIUPUHY PO3KaTy.

Ha mizacTragi po3mMpeHHS po3KaTy PO3paxOBYETLCH HOro HMIMPUHA HA BUXO.I 3

kit (puc. 2.3) [14, 23, 24, 33, 34, 53]:
b, = by, + Ab, (2.12)

ne by — mmpuHa po3kaTy Ha BUXOI 3 KiiTi (M), Dg — mupuHa po3kaTy Ha BXO/Ii
B KJIITH (M).

OTprmaHe aHATITUYHE pIIEHHS JA03BOJIA€ BU3HAYUTH LIMPHUHY 1 BHUCOTY
po3KaTy B JOBUILHUN MOMEHT 4acy. Hamanmi BU3HauMMo TemIiiepaTypy poO3KaTy Ha
BUXOJ1 3 KJITI, HOTO IIBHMJKICHI MApaMETPH 1 JOBXKHUHY PO3KATYy HAa BUXOJIl 3 KIITI.
Jns 11010 OTpUMYyEMO KOC(IIIEHT BUTSKKH, SKHM BHU3HAYA€ CIIBBITHOIICHHS
HOTIEPEYHOTr0 Mepepizy pO3KaTy Ha BXOJ1 B KIITh, 10 IONEPEUHOIO MEpPEPI3y PO3KaTy
Ha BUXO/1 3 KiTi [14, 34]:

__hobg

A hy-by ’ (213)

J1€ A — KOe(PILIEHT BUTSHKKHU.,
Ha niacraBi Ttemneparypu Ha BXOAl B KIITh, MEXKI TEKY4OCTI MeTaiy I
Koe(IlI€EHTa BUTHKKH PO3PAXOBYETHCHA TEMIIEpATYpa HA BUXO1 3 KIITI [64]:
T, =Ty, + 0,183 -8 -In(1), (2.14)
ne T, — temniepaTypa po3kary Ha Buxoi 3 k11Tl (°C).
Jlis BU3HAUEHHS BUIMEPEKEHHS OTPUMYEMO HEMTpalbHUIl KyT 3 ypaXyBaHHSIM

HarAry poskary [73, 77]:

—_ 2. (1_x othy ) _
r=5(1-57)+Gros) @ a0, 2.15)
Je Y — HEUTpaIbHUM KYT, @ — KYT 3aXOIUICHHS, ¢ — HATAT PO3KATY HA BUXOJI 3 KJITI
(MlITIa).
[Ipu npokaTii Ha TIaaKii 604Ill, 10 3aJ0BOJIBHSIE YMOBAM BiAMOBITHOT CMYTH

B [14] nponoHy€eTbCs pO3paxOBYBATH BUIIEPEKEHHS SIK:
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s=y?

R
h_l (2.16)
J€ S — BUIEPEIKEHHS.
[1IBuAKICT pO3KaTy Ha BUXO/I 3 KIIITI BU3HAYA€ThCs BUpazom [14]:
vy =V, -(1+5s), (2.17)
JIe V4 — WIBMU/IKICTh PO3KATy Ha BUXO/11 3 KJITI (M/C).

[IBuakiCTh po3KaTy Ha BXO/Il B KJIITh BU3HAUAETLCS BUpa3oMm [14]:
Vo =7 (2.18)
I€ V(o — WIBUJIKICTh PO3KaTy Ha BXOJII B KJITh (M/C).
JloB)kuHa po3KaTy Ha BUXOJ1 3 KT [S]:
l=[yvadt, (2.19)
ne | — 1oB:KkMHA po3KaTy Ha BUXO/I 3 KJITI (M), T — MOTOYHUI MOMEHT 4acy (M).
OTpuMaHe aHaJITUYHE PIIIEHHS J03BOJISIE BUSHAYUTH TEMIIEpaTypy pO3Kary,
IIBUJIKICHI TTapaMEeTpH MPOIEeCy MPOKATKU, a TaK caMo JOBXHUHY po3kaTy. [loTounuii
MOMEHT TPOKATKH, 1 OTXKE, MOMEHT EJEKTPONPUBOAY KIIITI, BHU3HAYAETHCS
C€HEPrOoCWJIOBUMHU MapaMeTpaMu TNPOKATKH, SKI B CBOIO 4Yepry OOYHUCITIOIOTHCS

BUXOJISIUH 3 PO3PAXYHKOBOI CXeMH ocepeaky aedopmartii (puc. 2.4) [2, 20].



Pe

€ Pa » PR » Pc » Px — CUIU, Tp, Tg, Tc, Tx — HANpyru, lg — JOBKHHA OCEPEAKY

aegopmarti, X, — KOOpMHATA HEHTPAIBLHOTO IEPETHHY.

Pucynox 2.4 — Po3paxyHkoBa cxema ocepeaky aedopmaritii

34
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[lepm 3a Bce, sl BU3HAUYEHHS MOMEHTY TPOKATKH PO3PaXOBYETHCS
KOOpJIMHATa HEUTpaJbHOTO mepeTuny [2, 5, 20] 1 cepenHs BeMWYWHA PO3MIMPEHHS

po3kary [24]:

X,=R-y, (2.20)
ne X,, — Koop/iuHaTa HEUTPaILHOT O MEPETUHY (M),
bo+b,
by =——, (2.21)

ne b, — cepeHe po3MIMPEeHHS PO3KaTy (M).
Takoxx Bu3Ha4aeThes omnip riockoi gedgopmanii [64]:
K=p"6r, (2.22)
ne K — koediuieHT onopy rwiockoi aedopmanii (MlIla), f — koediuient Jloze.
BianoBigHO 10 po3paxyHKOBOI CXEMH OCEpenKy Jaedopmariii MOMEHT MPOKATKH

[11, 42] BU3HAYAETHCS AK:

M=bs.R.(0'5.(gd_Xn).(4.K.f_2.qu.f+(K_Z.K.f_'_qo_f)_(gd;xn))_

(2.23)

—G,S-Xn-(4-1<-f-2-q,-,F+(K—2-K-f+q1-f)-(1df’;n))),
e M — moment npokatku (H-M), K — koediuienT onopy miockoi aedopmanii (H/m?).

Ha 6a3i aHamITHYHOTO ONMUCY OTPHUMAHO CTPYKTYpy Mojenm kiiti (puc. 2.5),
sKa MPUHAMaE B SIKOCTI BXIJIHUX MMapaMeTpiB T€OMETPUYHI PO3MIpH MPOGiI0 po3KaTy
Horo temriepaTypy Ha BXOJl B KIiTh, IIBUAKICTh OOEpTaHHS BajKiB, BUCOTY 3a30pY
MK HUMU 1 HaTsr po3katy. Ha migcraBi BXITHUX MapaMeTpiB, GOPMYIOTHCS BUXI1AHI
napameTpyu T€OMETPUYHI po3Mipu MPodUTI0 PO3KaTy WOro TeMmreparypa i MBUAKICTb
Ha BUXOJ1 3 KJIITi, HIBUJIKICTh PO3KaTy Ha BXOJ1 B KJIITh, JOBXKMHA PO3KATy, MOMEHT
npokatku. HamamtyBaHHs MoAeNi KJITI peami3yroThCsl, K ii BHYTpIIIHI 3HaYCHHS.
Jlo HUX BITHOCSATHCS PaJiiyC BAJIKiB, MEXI TUIMHHOCTI METaly, KOSQIIIEHTH TEPTS 1
posmupenHs. Ha 6a31 HaBeIeHOI CTPYKTYypHU PO3POOJIECHO MOJETb JIBOXKIITHOBOTO
CTaHy, sKka 3a0e3meuye OOYMCIEHHS 3MIHM TEOMETPUYHHX PO3MIPIB MpOodiio
po3kary B mpoueci aedopmarii, HOro TemmneparypH, MIBUAKICHUX MapameTpiB

MIPOKATKH 1 EHEPTOCUIIOBUX MOKA3HUKIB, sIKA 3aJJ0BOJIBHSIE IIJISIM JTOCIT1IKEHHS.
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Moaenn KiiTi

hy=z
Huou — Ly b= b+ Kk €y -y (VT — 20) (0
1 =by o€y Cy - (VAR = =) - n %), ) .
poskaty —4 2.5 T\ | I1-u:::\1lli1:|'-lun
Ty =Ty +0,183 &7 - In(A), b, "m“'“
& Poakar
Teomerpuani h, v - )
possipn — Vo= 7 Tevmeparypa
L. POKATY —> v =Vy (145 poskaTy o
Bxinmi Poskar 1=Fh . » Buxiani
napaMeTpn Tesmepatyp T i j’ d v } Wsmicrs napameTpi
eMIepaTypa = | v,dt, A IRATY
po3katy o . }
[ ( 1- X, [
I pikicTs obe pramms n, M:n_‘—n—(n‘sru,,—x,.) (4 K-f=2qo f+(K=2K-f+qq-f) E"x ')]7 f———p  JlOBKHIA POIKATY
BAJIKIB "
Bucora 3azopy z ( { Xu ’ —DM. MomenT npoKaTKn
A 3a30P) LA —0.5-X, |4 K- f=2-q, - f+(K=2-K-f+q,-f) ]
MiZK Ba/IKAME ! ! 4= X,/
RX :S,I I a} -“1 LI K,\ KA.I I\'W K,I (.‘1
e e’ —— —_—
Paniyc Mezka nummnnocti Koedpimicur Pozmmpenns

BAJIKIB MeTATY Teprs

v

Hajnanmrmysanns Moxei

Pucynox 2.5 — CtpykTypa Mojeni KIiTi

3anexxHo BIJ OCOOJMBOCTEH YCTAaTKyBaHHS CTaHy Ta OCHAIEHHS MOTo
CUCTEMaMU KepyBaHHSI TEXHOJIOTIYHUMU MpOIecaMu, IPOKaTKa MOKe B110yBaTuCA 3
HATATOM PO3KaTy MDK KIITSIMH, SKHH BU3HAYAETHCS HAJAIITYBAaHHIM OIEPATOPOM
CTaHy IIBUAKICHOTO PEXUMY MPOKATKH a00 3 aBTOMATUYHOIO CTA01TI3allI€I0 PEKUMY
MPOKATKA 3 BUIBHUM NpOruHOM mpokary [5, 13, 17, 23]. Buxomsauu 3 1poro,
OCHOBHMMHM (DYHKUISIMH MOJIEJ] € peasti3allis TPaHCIOPTHOTO 3aIi3HIOBaHHS Mepeaayl
pO3KaTy BiJl OJHIEI KIITI IO 1HIIOI, PO3paXyHOK BEIWYMHHU MPOTHHY a00 HATATY

po3katy. Yac 3ami3HioBaHHs PO3KaTy BiaIoBiaHO 10 [24]:

T=3 (2.24)
Je T — 4Yac 3ami3HIOBaHHsA pPO3KaTy Ha BXOJAl B HACTymHy KimTh (¢), [ — qoBkKHHA
MIKKJIITBOBOIO MPOMDKKY (M), V — CepelHs WIBHUJKICTb PO3KATYy B MIKKJIITHOBOMY
IPOMIKKY (M/C).
JIst cripollleHHsT PO3paxyHKIB MPUIHATO BBaXKATH, II0 T€OMETPUYHI PO3MIPH

pO3KaTy Ha BUXO/I1 3 MOMEPEAHBOI KJIITI 1 HA BXOJ1 B HACTYIHY KJIITh HE 3MIHIOIOThCH,

HaJl HUIMH BUKOHY€THCA TUIBKU OTepallisi KAHTYBAHHS 3 YpaXyBaHHSAM 3aIli3HIOBaHHS

[24]:
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ho(s) = by -e™™, (2.25)

by(s) = hy-e7", (2.26)
ne hy — BUCOTa po3KaTy HAa BXOJl B HAacCTYNHY KIITh (M), b; — IIMpPMHA pO3KaTy Ha
BUXOJI1 3 MOMEPEIHbOT KIITI (M), by — IMPUHA PO3KATY HA BXO/I1 B HACTYIIHY KJIITh (M),
h; — BuCOTa po3KaTy HAa BUXO/1 3 MONEPEIHBOI KIITI (M).

[TuToMUIT HATAT PO3KATy HA BXOJ1 B HACTYIHY KIITh [64, 69, 71, 77]:
Vo =1y
a=E-3 730 (2.27)

Jle ¢ — MUTOMUI HATAT po3Kary Ha BXoJl B HacTynHy itk (MIla), vy — mBUAKICTH
po3KaTy Ha BXOJl B HACTYNHY KIIThH (M/C), ¥; — IIBHAKICTH PO3KAaTy Ha BUXOAl 3
MONEpeIHBOT KIIITI (M/C).
JI1s1 BU3HAUYEHHS] TUTOMOI HATATY PO3KAaTy MK KJIITIMU BHU3HAYAEMO MOJYJb
IPY>KHOCTI pO3KaTy, IO 3aJIEKUTh BiJl TEMIIEpATyp PO3KATY HA BUXO/II 3 MOMEPEAHBOI
KJIITI 1 HA BXO/Il B HACTYIIHY KJIITh [24]:

(to + t1)

E =167000—-57.1- >

(2.28)

e — MoAyJh mpyxHocTi po3kary (Mlla). TemmnepaTtypa po3kaTy Ha BXOJi B

HACTYNHY KJIITh 3aJIEKUTh B1Jl MOTO 3aIMi3HIOBAHHS 1 pO3paxOBYETHCS BIANOBIIHO 10

[24]:

o 1000 )73
0 — - )
°10,02548-2- (h, + b)) +( 1000 ° (2.29)

ne tp — Temmeparypa po3kaTy Ha Bxoil B HacTynmHy kimite (°C), t —
TeMmrepaTrypa po3kaTy Ha Buxojii 3 norepeanboi kTl (°C). V 3B’SI3Ky 3 TUM, IO
MOJIENIb MIKKJIITBOBOTO MPOMDKKY BHUKOPHUCTOBYE TEOMETPUYHI PO3MIPH PO3KATy
BIJIMOBITHOT CMYTH, a PO3PAXyHOK BEJIWYMHU TPOTHUHY BUKOHYETHCA  JUIS
T€OMETPUYHUX PO3MIpIB B KaymiOpax BHKOHAEMO iX MepeTBOpeHHs. JlaHe muTaHHS

PO3TIIIHYTO TPU OMKCI MOJENI po3kaTy (nuB. m.2.2.3). Ha migcraBi giameTpa po3kaTy
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PO3paxoOBYEThCA PajalyC 1HEpLIi HOro IMOMEpPeYHOro Mepepidy B MIKKIITHOBOMY
POMIXKKY:

iy =025 -D,
i, =025 -h, (2.30)
A€ i, — pajlyc IHEPILIi MONEePEeYHOro NEPEPI3y PO3KaTy B MIKKIITbOBOMY IIPOMIKKY (M),

D — niameTp poskaty (M), h — BUCOTa OBAJIIBHOTO PO3KaTy (M).

Ha migcraBi cTpinym mMporuHy po3KaTy MpU HYJIHOBUX MOYATKOBHX yMOBAaX i
KPUTUYHOI TUTOMOI CHJIM PO3PaxOBYETHCS CTpija MPOTHHY PO3KaTy B CEepeauHi
MDKKJTITOBOTO TIPOMIKKY [31]:

Hy

1+q—5¢’ (2.31)
k

h =

Jle q — HATAT po3KaTy Ha BXOJi B HacTynHy kit (H/M), p — WiNbHICTL po3kaTy piBHA
7850 (kr/m°), ) — kputn4aHa Eiieposa cuna aist poskaty sk Oankm (H/™).
Crtpina mporuHy po3Kary, sika BU3HAYAETHCS BIAMOBIAHO 1O pajlycy 1HEpINi

IIPU HYJbOBUX MO3/I0BXKHIX 3yCUJUISIX B po3Kari [61]:

g 5 _p-g-l“_ 1
°T 384 E-106 ;2 (2.32)
Kpurnuna nuroma Eiineposa cuna s poskary sik 6ajiku Bianosigae [61]:
8y = E-i 2
2 (2.33)

Ha miacraBi aHaTITUYHOTO OMUCY PO3TMIITHYTUX PEXUMIB MPOKATKH OTPUMAHO
CTPYKTYPY MOJEIl MIX KJIITbOBOIO MPOMDKKY (puc. 2.6), sika mpuiiMae B SIKOCTI
BXIJIHUX [apaMeTpiB TEOMETPUYHI PO3MIpU pO3KaTy, HOTO Temmeparypy Ta
IIBUKICTh HA BUXO/I1 3 OMEPEAHBOI KIIITI 1 HA BXOJ1 B HACTYNHY KiiTh. Ha mincrasi
BXIJTHUX TapameTpiB (OPMYIOThCS BHUXIJHI TapamMeTpd TE€OMETPUYHI pPO3MIpH
po3Kary, WOro Temreparypa, HaTsIr B MIKKIITHOBOMY IMPOMDKKY 1 CTpija MPOTHHY.
HanamryBanHs mMojeni MiX KIITbOBOIO MPOMIKKY peai3yloThCs, sIK ii BHYTpIIIHI
3HaueHHs. Jlo HUX BIIHOCATBCA Oa3oBa BIJACTaHb MK OINOpPaMH, JOBXKHHA

MDKKJIITBOBOTO TPOMIKKY 1 CEepeJHs IIBUIKICTb PO3KaTy B MIKKIITHOBOMY
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npomixkky. Ha 0a3i HaBefaeHOT CTPYKTYpH pPO3pOOJICHO MOACNIbh MIKKIITHOBOTO

OPOMIXKKY, sKa 3a0e3nedye MOJCIIOBAaHHS TMPOIeCy NPOKATKH 3 HATATOM abo

nporuHoM. Ha BXxoau mMojieni moaioThest mapaMeTpH, siki OpMYIOThCS MTONEPEaHBOT

KJIITTIO, & 3 BUXO/JIIB MOJie/l chopMOBaHi rapaMeTpu HaAAXOIATh HAa BXOJU HACTYITHOL

KT, 3HAYEHHS CTPLIM MPOTHUHY pPO3KAaTy HAIXOMATh HAa BXIJA MOJENl CHCTEMHU

KEepyBaHHS MIBUAKOCTI oOepTaHHs BayikiB. [Ipu MojentoBaHHI mpoliecy MPOKATKH 3

HATSATOM 3HAYEHHS CTPUIM MIPOTUHY PO3KATy HE BPaXOBYETHCH.

Mogesib MiZKKIITBOBOTO POMIKKY

ho(s) = by - e,

h,
Teovierpuuni (_h By(s) = h, .e"TF b,
posmipn b ’ ' ' >
posKaTy ——> Vo~ 1y
Posn . T L,
Biami ' :
Temmeparypa T, 1000
napaseTpu pqu[!ml\"l — by = — 273,
1/0,02548-2 - (k, + b, ). + 1000 +*
. J B, - 1000 v [t,+273} T
MBnakicTs — > H
poskatTy — N h= ﬁ h
1+ —
f[ \{
Jomknna Cepean MBIARICTL POIRATY
MiKITITROBOTO B MikacITHOBOMY
NPOMEKKY TPOMBRKY
v
Hanammysanns Monesi

TeomeTpauni
po3sipn
pozKaTy

Temueparypa
po3KATY

Harsir
po3katy

Crpina nporuny
poIKaTy

Pucynok 2.6 — CTpyKTypa MoJiesi MIXKKIITHOBOTO TPOMIKKY

Pozkat

Buxiani
napamMeTpn

OxpeMHUM BUMAJKOM MOJEIl MDKKIITHOBOTO NMPOMDKKY € MOJEIL PO3KaTy, sKa

(opMye 3HAUEHHS BUCOTH, HIUPHUHM, TEMIEPATypH 1 HATATY PO3KATy Ha BXOII Ipynu

kmireid. HallOuibn npocTuM 1 3pydHUM PILIEHHSIM € ONMC JAHOI MOJENI Y BUIJISL

¢Gynkuii yacy [11, 42]:
h = fr(t),
b = fp(0),
T = fr(0),
q = fq(t),

(2.34)

ne h — Bucota poskary, b — mupuna poskary, T — Temneparypa po3kary,  — HaTsT

poskary, f,(t), fp(t) , fr(t), fq(t) — pymKuwii yacy.
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[Ipu mepexonai Bin XapakTEpPUCTHYHUX MapaMeTpiB pO3KaTy, IO 3aJaloThCs B
Tabmui kambpyBaHHS, 0 BIAMOBITHOT CMYTrd OOYMCIIOETHCSA CIIBBIJIHOIIEHHS OCEM

poskary [36, 64, 65]:

b
a=p (2.35)
1€ @ — CMIBBIIHOLIEHHA OCcel po3Kary, b — XxapakTepucTH4YHa IIMpPUHA po3KaTy (M), h —
XapakTepuCcTUYHA BUCOTA PO3KATy (M).

SIku10 CHiBBIIHONIEHHS OCeit po3kary Ouibiie abo JAOPIBHIOE OJMHUII BHCOTA

BIINOBIIHOT PSIMOKYTHOT cMyTH [36, 64, 65]:
he = |5 (2.36)

[IInpuna BiANOBIAHOT MPAMOKYTHOI CMYTH BU3HA4Ya€ThCS SK [36, 64, 65]:
b =a-h, (2.37)
ne b, — mmMpuHa BIANOBIAHOT MPSIMOKYTHOT CMYTH (M).
[Ipu cOiBBIIHONIEHHI OCEM CMYTrH MEHIIEe OJWHHUIIl BHUCOTA BIAMOBIIHOT

MPSMOKYTHOT CMYTH BU3Ha4aeThes K 36, 64, 65]:

he =VS-a. (2.38)
[IIupuHa BIANORIIHOT MPSMOKYTHOT CMYTH BU3HAYAETKCH K [36, 64, 65]:
hC
b, = = (2.39)

CrtpykTypa Mojenl po3Kary mpuBeaeHa Ha puc. 2.8. Ha mijcraBi HajgamrTyBaHb
MOJEIITI0 (POPMYIOThCSI BUXIJIHI TTapaMEeTPU T€OMETPUYHI PO3MIpH MPOQIII0 pO3KaATY
Horo Temmneparypa Ta HaTAr. HamamTyBaHHS MOZeNl po3KaTy peani3yloTbes, [K ii

BHYTPIIIHI 3Ha4eHHS. J[0 HUX BIIHOCATHCS BIAMOBIAHI PYHKITIT Yacy.
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Mopaeanb po3kary

_ b
a= W
S .
az1h.= E-br =a-h, h > leomeTpuyHi
b posmMipn
h, > Y03KATY o
a<l,h,=VS-a, b,=— : . ,  Buxiami
a T Temneparypa napameTpH
h = fn(t h,), po3Karty
q | Harar
b=f,(tb.), po3KaTy
T = fr(t),
q=1fq)

Lol L0l L0 10

v

@Oyukuii yacy

v
HanawtyBanus mojaedi

Pucynox 2.8 — CTpykTypa Mozeni po3Kary

Po3pobOnena mMaremarnyHa MOJENb pO3KaTy, sKa BIANOBIAa€ YTOYHEHIH
CTPYKTYpl MOJEII JBOXKIITBOBOTO CTaHY 1 3aJ0BOJIbHSE IIJISAM JOCIIIKECHHS,
3a0e3nedye THYUYKICTh 3aBJJaHHsI TEOMETPUYHUX PO3MIPIB pO3KaTy MOro TeMIepaTypu
1 Harary. [lpu BUKOpPUCTaHHI TEOMETPUYHUX PpO3MIpPIB pO3KaTy B KamOpax
3a0e3neuyeThesl X MepepaxyHOK 3a METOJOM BIANOBIIHOT CMYTH AJIs MPOKATKU Ha
TJIaK1MA Oourl.

BinnoBigHO 10 yTOYHEHOT CTPYKTYPH MOJIEN1 ABOXKIITHOBOIO CTaHy, CHCTEMa
KypyBaHHS IIBUAKICTIO OOEpTaHHsS BaJIKIB peali3ye KEepyBaHHS MIBUAKICTIO
CJIEKTPONIPUBOAY Ta cralumi3amiro NOporuHy npokaty. Ha  Oe3nepepBHUX
Jp10HOCOPTHUX MPOKATHUX CTAHAX BUKOPUCTOBYIOTHCS JIBUTYHH MOCTIHHOTO CTPYyMY
KepyBaHHs  SKHMH  BHUKOHYETbCS ~ CHUCTEMaMH  TMIJUICTJIION0  PETyJIOBaHHS

HaJIAIITOBAaHMMHU Ha CUMETPUYHUI onTumyM [3, 4, 12, 37].
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Jns  crabumizamii MOpoOrdHy  TMPOKATy  BUKOPUCTOBYIOTHCS — BIAMOBIIHI
aBTOMATUYHI CHUCTEMH, Kl BHUKOHYIOTH KOPEKIII0 YCTaBKHM IMIBHAKOCTI OOEpTaHHs
BaskiB [1, 49]. Ha miacTaBi 1{pOro 3amporoHOBAHO CTPYKTYPY CHCTEMHU KEpyBaHHS
IMIBUJIKICTIO 00OepTaHHs BaikiB (puc. 2.9), sAKa CKIAAAETbCA 3 CHUCTEMHU
HATOPSAKOBAHOTO PETYIIIOBaHHS €IEKTPOIBUTYHOM MOCTIHHOTO CTPYMY, PEAYKTOpa,
aBTOMATHYHOI CUCTEMHM CTa0LI13aIlli IPOTHHY Ta y3ro/KyBaJbHUX JIAHOK BXIJTHUX Ta
BUXIIHMX TapamMeTpiB. Jlo ckiagy aBTOMATHYHOI CHUCTEMH CTabOuTi3allii MpOruHy
BXOJISITh JATYMK MPOTMHY, KOMIIEHCATOpP HEJIHIMHOCTI CTPLIM MPOTHMHY PO3KaTy B
CepellMHI MDKKIITHOBOIO MPOMDKKY Ta MPOMOPIIHHO-IHTETpAJIbHUI PErysTop 3
OOMEKEHHSIM KepyIouoro BIUIMBY. BXimHUMHU mapaMeTpamMu aBTOMAaTUYHOI CHCTEMHU
cTabum3anii NporuHy € yCTaBKa MPOTHHY pPO3KaTy Ta CTpUIa MPOTMHY pPO3KaTy B
CepelIMHI MDKKIIITHOBOTO TPOMIKKY, BUXIJHUM 3MIHA HIBUAKOCTI OOEpPTaHHS BaJKiB,
SKa KOPEry€e YCTaBKy CUCTEMH KEPYBaHHSI IIBHUJIKICTIO 0OEpTaHHS BAJIKIB.

Ha mniacraBi aHaNITUYHOTO OMNKMCY OTPUMAHO CTPYKTYPY MOJEIl CUCTEMHU
KEepyBaHHA IIBUJKICTIO 00epTaHHs BaJIKiB (puc. 2.10), axa npuiiMae B IKOCTI BX1THUX
napameTpiB yCTaBKY IIBHUJIKOCTI OOEpPTaHHS BaJlKiB, YCTaBKYy IIPOTHMHY pO3Karty,

CTpLTy IPOTHHY PO3KATy B CEPEAMHI MIKKIITHOBOTO MPOMIXKKY, MOMEHT MPOKATKH.

Yerasra "
msRecTi e
ofiepranis nakin
Veranka npornmy h,
B : POIKATY ,\1(],'][‘.'[5 CHCTEMH KepyBaAHH#A » Ilenikicrs Buxiami
na :.‘.”.I n . R e Farvra ’ ot ofepranin Baikin ||;|pl;l1:l|.l-:lrl|;|
P P CTpiaa npornmy poskaTy J LWIBHAKICTH) 00€PTAHHSA BAJIKIB
B cepeanni MEsRaiThoBom _”.
poMi#KY
Maonenrs M
TPOKATIN ’
J"[ ’{f'..[ .u[ ,,,] ;W ﬂI HI -‘\'-...‘|‘ '-’J f’..-]f'u]
[epetapainie Enexrpoasurvi Tupwcroprmii Harankn
HHET0 PETYKTOpG NEPETROPIOBAY
Hanammyveaans vogeni
Pucynox 2.10 — CrpykTypa MoOAENl CHCTEMH KEPYBaHHS IIBUAKICTIO

oOepTaHHs BaJIKiB
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Ha mizgcraBi BXigHUX MapaMeTpiB Ta HalamTyBaHb (OPMYETHCS IIBUJKICTH
oOepraHHs BasikiB. HamamTyBaHHa MOJeNi peani3yroThCs, SIK il BHYTPIIIHI 3HAYCHHS.
Jlo HUX BITHOCATHCS TEpeaaBadbHE YUCIIO PEAYKTOpa, MapaMeTpy €JIeKTPOIBUTYHA,
TUPUCTOPHOTO NIEPETBOPIOBAYA, JATYUKIB IIBUJKOCTI 1 CTPYMY.

Ha 06a3i HaBemeHOi CTPyKTypw pO3pOOJICHO MOJAENIb CHUCTEMU KepyBaHHS
IIBUJIKICTIO OOEpTaHHsS BaJKiB, SKa BIJANOBIIA€ YTOYHEHIA CTPYKTYpl MOJEl
JBOXKJIIThOBOTO CTaHY 1 3aJ0BOJIBHSE MLUISIM JOCHiKeHHsA. BXimHl 1 BHXIiJIHI
napaMeTpu MOJEi Y3rOJIPKeH1 3 BXIJJHUMHM Ta BUXIJHHMH MHapamMeTpamMu KIITI Ta
MDKKIJIITBOBOTO MPOMDKKY. [Ipu MojientoBaHHI Nporecy NpoKaTKH 3 HATSATOM yCTaBKa

IIPOTUHY PO3KaTy JOPIBHIOETHCS HYIIIO.

Panimie po3misiHYyTI  MoJzeni  JBOXKJITROBOTO CTaHy HE BpPaXOBYIOTb
MOJKJIMBOCTI OTIEPAaTUBHOTO KEPYyBaHHS OOTHCKOM PO3KATy Ta HE MAlOTh Y CBOEMY
CKJIaJ[l CUCTEM KepyBaHHS HAXXMHUMU TBUHTamu [2, 20, 49]. AHani3 TEXHOJIOTIYHUX
iHeTpyKuin [31, 32] mokasas, 110 Ha JaHUW Yac OUIBIIICTh TAKUX CUCTEM MOOYA0BaHO
Ha 0a3i aCHHXPOHHOTO EJIEKTPONPUBOAY. Y TaKMX CHCTEMaxX EJIEKTPONPHUBO Yepe3
peaykTop obepTrae HATUCKHI TBUHTH, a IIOJOKCHHS TBHHTIB BH3HAYAETHCSA 3a
JOTIOMOT'OI0 JTaTYMKIB KyTa MOBOPOTY Bally. JlMHaMika €JIeKTpONpUBOAY HE POOUTH
3HAYHOTO BIUIMBY Ha OOEPTaHHS TBUHTIB, TaK 5K 4ac MEPEXiTHOrO MPOolecy BUHUKAE
OpU MYCKY €JIEKTPONPUBOAY Ha TMOPSAOK MEHIIMHA 4Yacy OOepTaHHs T'BUHTIB. Y
3B 3Ky, 3 IIUM MOJIeJbh MOKE OyTH MpEICTaBieHA Y BUIJIA/I IHTETPYIOUYOi JAaHKH 3
OOMEXEHHSM DPIBHS, a CHCTeMa KepyBaHHS NOOyJ0BaHa Ha 0a3i MPOMOPIIMHOTO
perynsitopa (puc. 2.11). Ha migcraBi aHamiTUYHOTO OIMUCY OTPUMAHO MOJENb
CUCTEMHU KEpyBaHHsS HATUCKHUMM TBUHTamu (puc. 2.12), gxa mpuiimMae B SIKOCTI
BXIJIHOTO TapaMeTpa yCTaBKy BHCOTH 3a30py MDXK Bankamu. Ha mimcraBi BXiJHOTO
napaMeTrpa 1 HajalITyBaHHA (OpPMyeTbCS BHCOTa 3a30py MK  BaJKaMmH.
HanamryBanust mopneni peani3yloTbes, sIK 11 BHyTpimiHI 3HaueHHsA. Jlo HHX
BIIHOCSATHCA ~ KOC(QIIIEHT TOCWJICHHS  PEryJiiaTopa, IBHAKICTE  00epTaHHSA

CJIEKTPOIIPUBOY, TMEpeJaBajbHE YHCIO PEeAyKTopa, Koe(DillieHT mepexoay M0
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JIHIMHOI MIBUAKOCTI 00EpTaHHS BaIKiB, KOe(IIEHT Mepeaadl JaTdyrhKa IMOJIOKEHHS

BaJIKIB.
Peryasitop HaruckHi rBHUHTH
1
Zv »@ » K > . > 7
: wjK,s

JlaTuMK MoJ103KeHHS BAJIKIB

KHB

Zy — yCTaBKa BUCOTH 3a30py MIXK BajikaMu, K — KOS(IIIEHT MOCUIIEHHS PEryIsITopa, W —
IIBUJIKICTE O0EPTAaHHS €JIEKTPONPUBOIY, J — NepelaBajbHe YHUCIO peaykropa, Ky —
Koe(ilieHT nepexoay a0 JIHIHHOT MIBUIKOCTI MepeMIillieHHs BaykiB, Kpyg — KOe(IIEHT

nepeaayl 1aT4uKa MoJI0KEHHs BaJIKiB, Z — BUCOTA 3a30PY MIK BaJIKAMU.

Pucynoxk 2.11 — CrpykTypHa cXeMa CUCTEMU KEpyBaHHA HATHUCKHUMHU

I'BUHTaMH

Mozem, cHCTEMH KepyBAHHS HATHCKHHMH FBHHTAMH o } .

g —
Goedinicnr nepexory
0 ot

Ulsnascicrs ofepranns Hleperana e mcio
ek ponpumoy peaykropa

Koedinicnt nepe ani
LT e R B

Hasamrmysamm vioeai

Pucynok 2.12 — CtpykTypa cucTeMHU KEpYBaHHS HATUCKHUMU I'BUHTAMH

Ha 06a3i HaBemeHOi CTPYKTypH poO3poOJEHO MOJENbh CHUCTEMH KEpyBaHHS
HATUCKHUMH TBHHTaMHU JUJII MOJENI JBOXKJIITBOBOIO CTaHy, sKa J03BOJIE

BHKOHYBATH OIICPATHBHEC KCPYBAHHA 3a30pOM MIK BaJIKaMH.
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2.3 Po3poOka nporpamMHoi Mo/ieJii IBOXKJIITHOBOI0 CTAHY

BuxopuctoBytoun  3amponoHOBaHI ~ MaTeMaTW4yHI  MOJENIl  PpO3pOOJIEHO
MporpamMHy MOJEINb JBOXKIITHOBOTO CTaHA B Ipa(iyHOMY CEPEIOBHILI IMITALIHHOTO
moaemoBanHs Simulink maremarnunoro maketa MATLAB [8, 11, 42] (puc. 2.13).
BigminHOIO 0COONMBICTIO PO3pOOJICHOI MOAENi € mepexiy Bij rpadiyHO-0JI0KOBOT
peamizailii 3 BHUKOPUCTAHHAM TUIbKM CTaHAApTHUX eyieMeHTiB Simulink 10
KOMOIHOBAHOT1, KOJIM OUIBIIICTh O0UHUCIECHB Peai3yIOThCs 3a JOMOMOTOI0 MiAPOrpaM

Ha mosl MATLAB.

Woaers
[ ml e om
T 0 .
—+ho Ll *ho | = [R16_t1]
] o _8_ w
e Al o "
MikrniTEOBUR
nposixox N215-16 -
! I.,,, I
- Knite Ne1§ } - —
»< [R15_nv] L ’/ﬁ—'—;;i

Pucynox 2.13 — [IporpamHa Mozesb JBOXKIITHOBOTO CTaHy

JlaHe pimieHHS HajJae MPO30POCTI MATEMATUYHUM OOYHUCIICHHSIM, CIPOIILYE
peamizamiro Mojeni Ta 1 HaJlaro[PKEHHs, JJO03BOJIIE 3HAYHO 3MEHIIUTH dYac
MOJICJTIOBaHHS, 32 PaxyHOK OJTHOPA30BOi KOMITUISINT MiAMporpam J10 BUKOHABYOTO
koxy. Kpim Takuii miaxij J103BOJISIE IEPEHOCUTH OTPHUMaHI MOJIEdi Ha CTaHAapTHI
MOBH MPOTPaMyBaHHS JUIsi BAKOPUCTAHHS 1X IpU po3poO1l KOMEPIIHHUX MPOAYKTIB.

MojenroBaHHSI TTIOUMHAETHCS 3 PO3PAXyYHKY MapaMmeTpiB po3KaTy Ha BXOJi B

ctad (b1), micns 4oro BU3HAYaI0THCS MapaMeTPH CKOPOTHOTO pexumy npokatku (b2)
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Ta pexxumy o0Tucky (b3) nmepmoi kiiTi. [lam MoaentorThes npoiiec 00poOoKU MeTary
TUCKOM Ha riajkii Ooumi (b4) Ta kaHTyBaHHS 1 TpaHCIOPTYBaHHS HOro A0 IPYroi
kiiti (B5). Iopsamok miit B apyriil kmiti cniBnanae 3 nepmoro ki1iTTio (b6||B70b8).

MonentoBaHHSI BUKOHYETHCS BIAMOBITHO 10 o6panoro vacy (b9).

2.4 Meroauka gocJaigxenHsi GopMmyBaHHs MPoQii0 MpoKaTy

Binomo, mo Ha (opmyBanHs mpodiio Mpokary, TOOTO WOr0 T€OMETPUYHHX
po3mipiB [5, 13, 17, 23] BmnuBae ¢opma kamiOpiB, BeJIWYMHA OOTHUCHEHHA 1
BCTAHOBJICHUM HIBUAKICHUI pEeXMMOM IpokaTku. Ha mpokatHoMy cTaHi mepii /iBa
napaMerpa BU3HAYAIOTHCS CTAHOM BaJIKIB 1 HAJAIITYBAHHSAM KIITI IPU YCTAJIEHOMY
pexumi npokaTkd. JlaHi mapamerpu npu mnpokartui Ha npotsasl 10-15 xBunumH €
CTaTUYHUMH, a iX BIUIUB PIBHOMIPHO PO3MOJALICHO IO BCiM A0BXHHI mpokaty. [lpu
IpPOKAaTIl 3 IMPOTMHOM pPEryJjIOBaHHS IIBHUJKOCTI TPOKATKU  3A1MCHIOETHCS
aBTOMATUYHOIO CUCTEMOIO cTalumi3alii mporuHy. SKImo cucreMa He MOXke OyTu
BCTAHOBJICHA Yepe3 KOHCTPYKTHUBHI OCOOIMBOCTI CTaHy ab0 MOIMEpedHy >KOPCTKICTh
npodinepo3Mipy TPOKaTy HANTAIMTYBAaHHS MIBHAKICHOTO PEXHUMY BHUKOHYETHCS
OIepaToOpoM CTaHy. TakuMm 4YMHOM, Ha GopMyBaHHS TPO(DUII0 MpoKaTy HAWOIBIINUN
BIUIMB BHSBIIE BCTAHOBJCHMM IIBUJKICHUA pEXHM TPOKATKU. ABTOMAaTHYHA
cucTeMa cTaluii3aiii MPOTMHY HE JI03BOJISIE 3aJaBaTH JIOBLIbHY HEY3IOJKEHICTh
MIBUIKOCTI OOepTaHHS BaJKIB IS 3MIHU PEXHUMY IMPOKATKHU, TOMY JTOCIHIKEHHS
BIUTMBY HAJAINTYBaHb BUKOHAHO B PEXUMIi MPOKATKHU 3 HaTsAroM. Ha mepmomy erarti
JOCIIIJIKEHHSI BUKOHAHO HAJIAIITYBaHHS MOJEJ YUCTOBOI TPYNH KJITEH 1 MepeBipKa
OpaBWIBHOCTI 11 (yHKIIOHyBaHHsA. Jlani 3a paxyHOK 3MIHM IIBHUIKOCTI 0OepTaHHS
BaJIKIB, OCTAHHBOI KJITI YMCTOBOI TI'PYIH, PO3PAaXOBAaHO MOMPABOYHUNA KOEDIIIEHT
PO3IIMPEHHS] Ta OTPUMaHI TE€OMETPUYHI PO3MIPU TpOKaTy. 3MiHA HaJallITyBaHb
BUKOHAHA TaKUM YHHOM, IO O PI3HOMIMUPUHHICTh MPOKATy JOCATIa TPaHUYHO
JIOMYCTUMOTO BIJIXWJICHHS, 1 HE BiAOYyBajoCs METJIIOBaHHS MOro 3aJHLOTO KiHIH. B

Ipoleci MOJEIIOBAaHHS 3apEeCTPOBAHO IIBHAKOCTI PO3KaTy, HOro TreOMETpHYHI
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pO3MIpH 1 JOBXKHHY B YCIX KIITAX. 3a OMMCAHOI METOJWKH OTPUMAaHO JaHl JJIs
OLIIHKH BITUBY HEY3TO/XKEHOCTI IMIBHIKICHOTO PEXUMY C(POPMOBAHOTO KOXKHOI KIIITI
yuctoBoi rpymu. [lo oTpumanmm manuM moOyaoBaHO TpodirerpaMu MpoKary, 3a
SKUMH BUKOHAHO aHaI3 3aKOHOMIpHOCTEW (hOpMyBaHHS PI3HOLIMPUHHOCTEW HOTro
NEepPeTHHOMY Ta 3aJHBOMY KIHISIX. B pesynbTari aHaiizy BCTaHOBIICHI aHATITHYHI
MO/IeJIi OI[IHKH MaKCUMAaJIbHOT IOBKUHU PI3HOUTUPUHHOCTEH.

2.5 BucHOBKH
1. Pi3HOIIMPUHHICTG HA NEPEAHBOMY KIHII MPOKATy (POPMYETHCA 3a PaXyHOK
MEepeXiIHAX TMPOIIECIB, SKI MPOXOJATh B CUCTEMI KEpPYBaHHS IIBUIKICTIO 0OEpTaHHS
BaJiKiB. OCHOBHUI BIUIMB Ha ii (JOPMyBaHHA 31MCHIOIOTh OCTaHHI JBa MI>KKJIIThOBUX
IPOMIXKKY YHMCTOBOI Ipymnu KiiTedl. [[oBkKMHA PI3HOIIMPUHHOCTI € IMPOIMOPLIIHHOO
N00yTKY HEKOMIIEHCOBAHOI CTaj0i 4acy KOHTYpPY LIBUJIKOCTI OO€pTaHHS BaJIKiB Ha
JHIAHY MBUAKICTH TPOKATy HAa BUXO/1 BUITYCKHOT KJIITI
2. PiI3HOUIMPHUHHICTh HA 3aJIHBOMY KIHII MPOKATy (OPMYETHCS B MOMEHT MPOKATKU
3aJIHBOTO KIHIA po3kary ©O0e3 HaTary. OCHOBHUW BIUIMB Ha (OPMYBaHHS
PI3HOUIMPHUHHOCTI 3IMCHIOIOTh OCTaHHI TpU KIITI 4YUCTOBOi Tpynu. JloBkHHA
PI3HOIIMPUHHOCTI BH3HAYAETHCS SK OUIbIIEC 3HAYCHHS JIOBKUH OCTaHHIX TPbOX
MDKKJIITBOBUX ~ MPOMIXKKIB T[OMHOXXEHE Ha KOE(ILUIEHTH BUTSKOK  KIITEH
PO3TAIIOBAHUX 33 KOXKHHUM 3 HUX.
3. PerymioBaHHS MOBXKWHU TPOKATy Ha HOTO CEpeNHiM NUISHIN, JOBXHHA SKO1
PO3PaxOBYETHCS, SIK PI3HULA 3aralibHOI TOBXUHH 1 CyMH JOBXHH TEPEIHBOI NUISTHKA
OponopuiiHOi AOOYTKY HEKOMIIEHCOBAHOI CTajioi 4Yacy KOHTYpY UIBHUIKOCTI
oOepTaHHsl BajJKiB Ha JIHIMHY MIBUAKICTb MPOKATy HA BUXOJl BUITYCKHOI KIITI 1
3aIHBOT AUISTHKM SIKa BU3HAYAETHCS SK OUIbIIE 3HAYCHHS JOBXKHH OCTAHHIX TPbOX
MDKKJIITBOBUX TMPOMIKKIB TMOMHOXXEHE Ha KOE(IIIEHTH BHUTHKOK  KIIITEH
pO3TalIOBaHUX 32 KOXHUM 3 HHX, 3a0e3nedye IMiJBUILEHHS TOYHOCTI KEpyBaHHS

JIOBKUHOIO TPOKATYy 1 30UIBIIEHHS BUXOLy MIpPHOT MPOTYKIIIi.
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3. MOJAEJIb TEXHOJIOI'TYHHOI'O HABAHTA’KEHHSA

3aKOH 3MIHM MOMEHTY CTaTHYHOTO OIOPY € (PYHKIII€I0 TOBOPOTY POOOUYNX BAJIKIB,
aJle 3 METOI0 CIPOIIECHHS PO3PaxyHKIB MOK€ OyTH NpECTaBICHUN (PYHKIIEIO Yacy.
3BUYaliHO WOTr0 MPUHMAIOTh y BHIJISAI KYCOYHO-JIIHIHHOIO, CHHYCOiNajibHOIO abo
EKCTIOHEHTHOIO (DYHKITISIMHU.

VY X041 AMIJIOMHOTO MPOEKTYBaHHS BUOpaHa €KCIOHEHTHA (YHKI[IS HapOCTaHHS
MOMEHTY TMpPOKAaTKH, 110, KpiM MOHOTOHHOCTI, IIOBHIIIE BIJIOMBAE XapaKTep
HAaBAaHTa)XCHHA, TOMY IO JUId CTaHIB Trapsyoi MpPOKAaTKU MICJIsS 3aKIHYEHHs
3alI0BHEHHS BOTHHUINA JAedopMallii METaJOM HAaBAHTAKEHHSA, BHACIIJIOK e(eKTy
30BHIIIHIX 30H, IPOJIOBXKYE AKUNCH Yyac pocTu [3].

My =M (1-e);[Hx Mm] (3.1)
ne Mcr=7000 HM — MOMEHT NMPOKAaTKX B CTaJIM CTaii,
0~2.5/u=0.0167 - mapameTp 3aNIOBHEHHS BOTHHIIA JehopMallii,
u=150 ¢! — mBHaKicTh 3aTI0BHEHHS BOrHMIIA JedopMaltii.

M, = 7000 (L—e %)

Jlns xomm'torepHoro MojenoBanHs B cepenpouiii MATLAB 6.0 po3po6ieHa
MOJICIb TEXHOJIOTIYHOTO HaBaHTaXeHHs. s OuIbIIOi aJaeKkBaTHOCTI B MOACTH
BKJIIOUEHA 3aBaJia y BUIVISAl «OUIOrO IIyMy», IO B JIACHOCTI BiOMBa€ BILJIUB

HEPIBHOMIPHOTO MPOTPIBY 3arOTOBOK HA MOMEHT MPOKATKH.

WMl

Band-Limited

. - -
White Maoise oy -

" ) >
Product — Mo
00— Swiitch
2
Caonstant J_I_I_L
Fulse
Generator | *, 350

/1/1/]+1-exp(-n.u1ﬁ?=u) Productt Constantt E

Fepeating Fen
Sequence

Pucynoxk 3.1. Mozenb TEXHOIOTIYHOTO HABAHTAXKEHHS
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Pucynok 3.2. 3MiHa MOMEHTY TIPOKATKH B 4aci.

3.1. Moaeab NpoKaTHOI KJIiTi

Teopernyni ¥ eKCHEpUMEHTAIBbHI JTOCITIIKEHHS JHHAMIKA METaIypriiHOTO
o0TafHaHHS, Y TOMY YHCJIi ¥ TPOKATHUX CTaHIB, OyJM y3araibHeHi B [4].

CrpykTypa ¥ BJIAaCTUBOCTI TOJIOBHMX NPUBOAHUX JIHIM MPOKATHHUX CTaHIB
LIJKOM BHU3HAYAIOThCS Ha CTajlli MPOEKTYBaHHS M 3alexaTh BiJ HAsIBHOCTI
JOCTYIHUX METOJIB JUHAMIYHOTO aHalli3y ¥ CHHTE3y MEXaHi3MiB, Ha MiJCTaBl SIKUX
KOHCTPYKTOp MIr OM 3HAWTH W BUKOPUCTOBYBATH OJHM3bKI JO ONTHMAIBHOTO 32
KpUTEPISIMUA HAOUIBIIOT HaIMHOCTI CXEMHI I KOHCTPYKTHUBHI pilieHHs. HegocratHs
OOIPYHTOBaHICTh 3aCTOCOBYBAHUX Ha CTaJll MPOEKTYBAHHS PIIICHb BEJE 0 TAKKUX
HACIIKIB.

VY 3B'A3Ky 13 IUM, OCTAHHIM YacoOM 3HayHa yBara NpUIUISE€THCS CTBOPEHHIO i
PO3BUTKY METOMIB CHHTE3y MaIlMH 3 ONTUMAJIbHHUMHU IapamMeTpaMu. Y LbOMY
HaNpsIMKy CyTT€BE 3HAUEHHS Ma€ MOJEIIOBAHHSA JUHAMIYHUX XapaKTEPUCTHUK, MpHU
AKOMY peajbHa MalllMHa [OJA€ThCA 11 IWHAMIYHOIO MOJEJUII0, IO BKIIOYAE
30CEepeIKEeHI MacH, 3'€IHaHl MPYKHUMHU 3B'SI3KaMU U eJeMeHTaMH JAeMI(]yBaHHS.
Monenbs MOXe npuiMaTH BUJ JAHIIOTOBO1, pO3Taly>KeHoi a0 3aMKHEHOI CHUCTEMHU.

[Ipu anamizi AMHAMIYHUX 3aBJaHb, y OLIBIIOCTI BHUIAAKIB OOMEXYIOTHCS

pO3TIsAI0oM abCOIOTHO TBEPJIOi MEXaHIYHOI TpaHCMICii rojoBHOro mnpuBoay. Ilpu
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IbOMY 3 aHali3y BUMAJA€ MEPEeXiTHUN NPolLeC MEXaHIYHUX KOJUBaHb MPYHKHOTO
MOMEHTY B TOJIOBHIA JiHII ¥ pE30HAHCHI SBUIA, MOB'sS3aHi 31 30irOM YacToT
30BHIIHIX 30ypIOBaHb 1 BIACHUX YaCTOT MEXAHIYHUX KOJUBAaHb TPAHCMICII.
[TpuBoIHA JTIHIS TPOKATHOI KJIIT1, 3 TIOTJISIY JUHAMIYHOTO aHAI3Y € CKIIaJHOIO
0araToyacoBOI0 CHUCTEMOIO 3 PO3MOJUICHUMHU NapaMeTpaMH, 10 BUKOHYE 00epTOBI
pyXxu. 3BUYAHUM NPUIMOMOM, 3aCTOCOBYBAHUM JIJIsl aHAJTI3y TaKUX CHCTEM € 3aMiHa
CUCTEMHU 3 pO3MOAUICHUMH T[apaMeTpaMHd, CHUCTEMOIO 13  30CEpeIKEHUMU
napaMeTpaMM, XapaKTEepU3YIOUMMU MOMEHTaMHU 1HEpIii Mac Ji 1 MiagaTiIuBICTIO

NpY>KHUX 3B'SI3KiB €; (a00 MIITHICTFO 3B'I3KIB C; )

0= Y ; (3.1)

Take momaHHs TMPUBOAHUX JIHIN JT03BOJISIE PO3TISAATH iX SIK OararomMacoBi
CUCTEMH 3 JUCKPETHUMH TlapaMeTpaMH, y SKHAX TIOJOXKCHHS KOXHOI MacH
BU3HAYAETHCS OJIHIEI0 KYTOBOK KOOPAMHATOIO, a YUCIIO CTYTEHIB CBOOOH JTOPIBHIOE

YHUCITy Mac.

- W%

Pucynox 3.3. Cucrema 3 po3noiIeHUMH MTapaMeTpaMu
1 — nBuUryH; 2 -IpuBOJHUMN BaJl; 3 —peAYKTOP; 4 — KIHIIEBUH BaJl peIyKTOPa;

5 — mecTepHa KIIiTh; 6 — IIMUH/ETb; / —BaJIKOBa CHCTEMA.
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3acTOCOBYIOTH  pi3HI TMPUKIAAW CHOPOIICHHS MOAENi JUIsl  CKJIaJaHHs
€KBIBaJICHTHOI PO3paxyHKOBOI cxeMHu. KUIBbKICTh CTyIEeHIB CBOOOIU, SKUMU MYCHUTh
BOJIOJIITA PO3paxyHKOBa C€KBIBAJICHTHA CXE€Ma WPHBOMY, BH3HAYAETHCS PSAIOM
BJIACHHMX YaCTOT CIPOIIECHOT CUCTEMH, TaK 1 CIIEKTPOM YaCTOT MOXJIUBHX 30ypIOBaHb.
3BUYAHO TOCUTH 30€perTy Mepiii TpU HIXKY1 BJIACHI YaCTOTH, TOOTO pO3paxyHKOBI
CXEMH BapTO CIPOIILYBATH JO OJHO -, ABOX - a00 Tpu-MacoBux. [10].

VY tabauni 3.1 HaBeeH1 3HAYECHHS MOMEHTIB 1HEPIlT BUIICHUX Mac.

Tabmums 3.1 - 3Ha4eHHs] MOMEHTIB 1HEPIIii BUALICHHX Mac.

Ne | HaitMmenyBaHHs no3HaueHHs | Oguanii | JloBxuHA
BUMIPY

1 JliameTp MPHUBOJIHOTO Bayia dis M 0,180

2 | JloBXrHA MPUBOHOTO Bajia Ins M 0,655

3 | Hiametp KiHI[EBOTO Bana | dp M 0,238
peayKTopa

4 | JloBxxuHa KIHI[EBOTO Bana | lp M 0,615
peaykTopa

5 JliaMeTp IImuHISsA din M 0,333

6 JloB)KMHA HITHHACIIS I M 2129

7 | Moxynb 3cyBy (cTaib) o MHx m | 8x 10*

8 MoMeHT iHepIIii ABUryHa Jis KI'x M? 48

9 |Momenr  imepuii  pemykropa | Jp KT'x M2 37,5
(HaBeIeHMIN)

10 | MomeHT 1HepIi mnuaaens | Ji KI'x M2 11
(HaBeIeHMIN)

11 | MomeHT iHepiii HaBaHTaXEHHS 3 | Jy KI'x M2 83
BaJIKAaMHU (HaBEJACHUMN.)

12 | MomeHT inepii BaIKiB | Jp KI'x M2 0.9
(HaBenieHMiIl.)

13 | IlepemaBanbHE YMCIO PEAYKTOpa Ip 1,12

14 | JonycTuMuii 3a30p y 3'€IHAHHAX | Ag; panuii 0,06
IITTUHIEIIS

15 | Homyctumuii 3a30p y peayKTopi Ag, paauii 0,03
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Jlo ogHOMAacoBOi MoJieNl 13 3aKiaJeHHSM 3BOJSTHCA JIHIT O0€3peayKTOPHOTO
IPUBOJY B SIKI MOMEHT 1HEpIlii Baja JBUTYHA 3HAYHO MEPEBEPIIyE MOMEHTH 1HEPIll
1HIIMX 00epToBHX Mac. J[BomacoBa Mojeinh MOXKE MPEICTaBIATH Oe3penyKTOPHHMA
NPUBIT, y SKOMYy MOMEHT IHEpIlii Baja JBUTyHAa W BaJKOBOI CHCTEMH OJHOTO
nopsiiKy. TpumacoBa MOJIETh 3aCTOCOBYETHCS MPHU OMHKCI PEAYKTOPHOTO MPHUBOMY, Y

KM cepeliHs Maca MpeCcTaBise 3y0uacTi Kojeca peayKTopa.

Tabmuis 3.2 - TBepaicTh NPYKHUX €IEMEHTIB MEXaHi3MiB IPUBO/LY.

[Ipy>xHui1 eneMeHT PospaxynkoBa dopmyia
_om*

- 32

1 | HuminapuyHa qiasHKA Baia o - MOJ1yJIb 3CYBY

d - miametp

| - noBxuHa

C =k,,d2lhz

Ky - koedirieHT
[IInonkoBe 17§ utinose | d - giamerp

3'eqHAHHA | - noBxuHa 3'enHAHHS
h - Bucora

Z - KUTBKICTh Ha Bally

C=k,R%

K3 — KOehIIli€HT MPUBEACHHS

R - pagiyc mo4aTkoBO1 OKpYHOCTI
b - mmpuna BiHIs

3 | 3ybuacra mepegava

Busuauunmo TBepI[iCTB IOITHHICIIA (HaBe,ueHy J0 Baja I[BI/IFyHa)
ﬂd 4
¢ =—7w _ :[Hx m] (3.2)
321,,i,°

10 4
¢, - Bx10°x314x(0339" o0 1
32x21x(112)

Buznauumo TBep1icTh TPUBOJIHOTO BaJia
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4
=28 [Hx ] 53
321,
10 4
_8x10°x314x (018)° | o 40
320,655

Busnaurmo TBepAiICTh KiHIIEBOrO Baja (IIPUBEICHOIO JI0 Bajla JBUTYHA)

o}
C = P [H 3.4
p 32|Pi§ 2 [ X M] ( )

8 x10" x 3,14 x (0,238)*

—— =32 x10’
P 32x0,615% (1,12)

[lepma maca MICTUTh MOMEHT 1HEpLIi JBUTYHA:
\]1:\])1}3:48 KI' X M2.

Jpyra Maca MICTUTh MOMEHTH IHEpIIi PEeayKTopa, IIECTEpiHYaTOi KIITI U
mnuHes. MOMEHT 1HepIil INUHAES BXOJUTh Y APYry U TPETIo Macy, BIANOBITHO

JI0 TIpaBUJIa IEPEHOCY LIEHTPa Mac.

Jo=dp+ i+ ; [KFX M2] (35)
Jo =37,5+11=48,5

Tpetst Maca MICTUTh MOMEHTH 1HEPIIIi HABAHTAXKEHHS 3 BAJIKAMM M IIITTAHEIS

J3=Jy+Jdur ; [Krx M?] (3.6)
J3=83+11=94

Busnaunmo TBepAICTh 3B'I3KY NEPIIOi i IpyToi Mac.

C, =-CmCr . [Hy m). (3.7)

Cp+C,
B 1,25%x10" x3,2x10’
125%10" +3,2x10’

=89x10°

12



Busnaunmo TBEpAICTh 3B'I3KY APYroi A0 TPEThOI MacH

C,, =2C,, =2x3,66x107 =7,32x10" Hx M.

3HaueHHS! MOMEHTIB 1HEPIIi i MIIIHOCTI 3B'A3KYy TPUMACOBOI CUCTEMHU
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Taomurs 3.3
J1Krx M2 CpoHx M Jo Krx M2 Cxs Hx M J3 Krx M2
48 8,9x 108 48,5 7,32x 107 94

[ToBHa cuctema nuQepeHIiaIbHUX PIBHSHB, 1110 OMUCYIOTh PyX PO3paxyHKOBOI

TPUMACOBOI CUCTEMH I'OJIOBHOI MPUBOAHOI JIHII KJIITI Ma€ BUTJISA!

M2 l
M, 1

13 ;_6: »

i)

do <
Jy dtl =My =1 4
do <
‘]2 dt2 = M12 - 23
do < .
Js dt3 =Mja—1 2 ' (38)
dM; _
TID = OCM cT X e o
dM ;. 1 <
thA Za(ﬂ(a)o_ws)_l AA)
Crp | Mz lﬁMg:{P} Ca3 | Mas| Mem
@1 E) T oy | - ] @ B R
TP j@% B> - D@A}‘ B>
- Biz - B 23
19112 ET M 28T
O ChaE

k J

Pucynox 3.4. TpumacoBa cucTema i3 30Cepe/PKEHUMU TapamMmeTpaMu

XapakTepucTUYHE PIBHSIHHS TPUMACOBOI MPYKHOI CUCTEMHU 0€3 ypaxyBaHHs

BHYTPIIIIHBOTO B SI3KOTO JeMIT()yBaHHS:
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p(p4+C12J3(‘]1+J2)+CZ3‘]1(J2+J3)]:0; (3.9)
NPNR
AC
a- Cipd5(Jy +J,) +Cd (I 4d5) (3.10)
J1J2d,
a=2,3*10°
b:ClZC23(31+JZ+J3) (3.11)
J1Jod5
b=1,85*10"

AHalti3 KOpEeHIB TOKa3ye, IO MPH BCIX peaJlbHUX 3 €HAHHAX IapaMeTpiB
M1JKOPEHEBI BUPA3H SIBJISIOTH COOOIO JIIMCHI MO3UTHBHI YHCIIA.

OTxe ,

p1=0 P33 = + le Pss = ijQz

Kopeni xapakTepucTUYHOTO PIBHAHHS CBIYaTh MPO T€, IO CHUCTEMa MOXKE
OyTH moJaHa y BUIVISAAlI TOCIHIJIOBHOTO 3'€HAHHS IHTETPYIOUOi JIAHKH MW JBOX
KOHCEPBATUBHHUX KOJMBAJHHUX JIAHOK 3 PE30HAHCHUMHU YacTOTaMH KoimBaHb Q1 i
Q2.

BupimmBmuy OikBagpaTHE PIBHSHHA, OJEPKUMO KOPIHb XapaKTEPUCTHUYHOTO

PIBHSIHHSI:

p, =0
Py =£jQ, ==£j-202;
Py, = £jQ, =+ -1503;

Buznaunmo xoediilieHT BHYTPIIIHBOTO TPY3JIOTO TEPTSI:

ﬂXC, _C]_zﬂlz _CZSAZS 3 12
ﬂxQ’ﬂlz_ 8 P = 2 &1

p=
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ne A= 0.1......03—gorapudmiuHuii IEeKpEMEHT BHYTPIIIHIX CHII B S3KOTO
TepTS;

Q) - pe30HaHCHA 4acToTa ;

0.15x8,9*10°
= ! = 2105
Pra 3.14x 202
* 7
5, = 0.15x7,32*10" _ 2307
3.14x1503

Bu3HaunMo 4acTOTH BIaCHUX KOJIMBAaHb HapHiaJILHI/IX JIAaHOK:

* 6
Q,, = i: wzlge_z;
3, \ 480
*106 *107
Q- C, +Cy :\/8,9 10°+7,32*10" _ o0 .
J, 485
* 7
O, - Cy _ [7.32*10 _ gaos.
J, 94

Jns  monemoBanHs B cepepoBuiii MATLAB 6.0 pospobiiena Mojenb

IIPOKATHOI KJIIT1, IO BPaxoOBY€ 3MIHY MOMEHTIB 1HEpLIi Mac Ha XOJOCTOMY XOJ1 i
npu 3axoruieHH1 3aroTieii. [lopsa 3 BenuunHaMu, pO3MOIIIOM MOMEHTIB 1HEpIil U
NPY>KHOCTEH CHCTEMHM TMPUBOAY BpaxoBaHa peakilisi CHCTEMH Ha 30BHIIIHI
30yproBaHHs, 00yMOBJICHA BEJIMYMHAMH 3a30PiB Y 3 €HAHHIX TPAHCMICIi.

[Tin gac mycky nBuryHa (myck 0e3 HaBaHTAXKEHHs) 1 pOOOTH Ha XOJIOCTOMY
XO0JIy 4epe3 He3HAUHy BEJIUYMHY MOMEHTY 1HEpIIii BaJIKOBOI CUCTEMHU B MOPIBHSHHI 3
MOMEHTaMH 1HEPIIil IBUTYHA ¥ MIECTEPIHYACTOI KIITI B MICIIE TPUMACOBOi BU3HAEMO
MOJKJIMBUM TPEJCTABUTH KJIITh y BUTJISAI TBOMACOBOI MPYKHOI CUCTEMH.

[lepmia maca MICTUTh MOMEHT 1HEpLi JBUTYHA:

J]xz\]ﬂB=48 KT X M2.

Hpyra Maca MICTUTh MOMEHTH IHEpIii peayKTopa, IIECTEepiHYaToi KIITI U
TITTUHICIT.
Jox=Jp+JIiy=37,5+11=48.5 krx M2,

3HaiiieMo TBEepAICTh 3B'sI3Ky MepIoi i JPyroi mMac.
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CsCr  125x10" x3,2x10’

- =8,9x10° Hx M.
Cus+Cp  125x10" +32x10’

ClZX =

Tabmurs 2.6 - 3HaueHHST MOMEHTIB 1HEepii i MIITHOCTI 3B'I3Ky TPUMACOBOT CUCTEMH.

Jix KI'x M? Ciox Hx M Jox KI'x M?

480 8,9x 10° 48,5

[IpyxHi MoMeHTH M1z 1 M3 BU3HAUAIOTBCA KyTaMU MIOBOPOTY CYCITHIX Mac @i

1 BEJIMYHUHOIO 3a30Dy O

M., = {0
2 C, x (@3 — @, —oy8ign(@, — ¢,))

(3.13)
0
Mz =1¢ 5,5
2 % (@3 — @, — 0,819n(; — 0,))
- 1
Transfer Fond Intagrater  Backlash 123 + 4j2is
[
T2 =]
~b
—Switch i ﬁ .
S v
hic Switch1

MK
S
94s
J2

Pucynox 3.5. Monens mpokaTHOT KITITi.

Ha nepmomy erami, y mporieci po3roHy CHHXPOHI3YIOUMA CUTHAN «3» 3 MOl
TEXHOJIOTIYHOTO HaBaHTaXeHHA (ikcye mepemukaui Switch 1 Switchl y BepxHiM
MOJIOKEHHI, IPU 1IOMY MOJIENIb MPOKATHOI KJIITI Ma€e JBOMAcoBYy CTPyKTypy. llpu
3aXOIUICHHI 3aroTiBii (301IbIIeHHST MC) CHHXPOHI3YIOUHM CUTHAT «3)» MEPEeBOIUTH
nepeMukaui Switch 1 Switchl y HIKHE 32 CXeMOIO MOJIOXKEHHS MPU [ILOMY MOJECIIb

MPOKATHOT KJITI IEPETBOPIOETHCS B TPUMACOBY.
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3.2. Moaenb nerjieyTBOpPeHHs

[Tpu Ge3mepepBHOMY MPOKATi, KOJU MeTall mepedyBae OJHOYACHO B JEKIIBKOX
KITITSIX, KOJIMBAHHS IBHIKOCTI MOXXE MPUBECTU SIK 10 TMOPYIIECHHS TEXHOJOTIYHOTO
IpoIEeCy, TaK 1 IO 3HWKEHHS AKOCTI Mmponykiii. Tomy s Ge3nepepBHUX CTaHIB
pPO3pOOIISIIOTh CHEllalibHI ABUTYHH 3 HU3BKUM YJAapHUM NaJiHHSIM IIBUIKOCTI (3
MIJBUIIICHUM MaXOBUM MOMEHTOM) 1 MaJOl 1HIYKTUBHICTIO SIKOPsS JUIsl TOTO, 1100

3a0€3Me4YUTH CIHIBBIAHOWIEHHA T, >~ 4-T,. ['abapuTh TakuX JBHUIYHIB, TPUPOIHO

OB, HIK IBUTYHIB HOPMAJIbHOTO BUKOHAHHS, 110 3MYIIIy€ BUPIIIUTH L€ 3aBJaHHS
3a JOTIOMOT010 PO3pPOOKHU MIBUIKOIII0YOI CUCTEMH PErYJIIOBAHHS IIBUAKOCTI.

VY3romkeHHs MBUAKOCTEN MK KIIITAMH CTaHy 3a0€3Me4y€eThCs 3aCTOCYBaHHAM
y CHCTEMax eJIEKTPONPUBO/A aBTOMATHYHUX PETYJISTOPIB CTPyMy, IIBHUIKOCTI,
Harnpyru, EPC, netoi i iH.

Ha BHCOKHMX HIBHIKOCTSIX Ba)XKO 3a0€3MEUYUTH Y3TO/KEHHS TPYI KITeH 3a
MIBUAKICTIO. JIJIs TMOJErumeHHs: UbOro 3aBJaHHA M 3HWKEHHS BUMOI J0 JUHAMIKU
CUCTEMHU pEryJIIOBaHHS BBOJMTHCS CHUCTEMA PETYJIOBAHHSA METJII MIXK KIITIMU WU
rpynamu kiitel. IIpy mmpokoMy copTameHTI Oe3nepepBHUX COPTOBUX CTaHIB 1
BHUCOKIM IIBUAKOCTI MPOKATKH PETYJIIOBAHHSA TMETI1 YCKIAIHIOETHCA Yepe3 Maiy
BEJIMUMHY MPUITYCTUMOI METJI MpH BITHOCHO Malii BiAcTaHl MiX KmiTsamu. [lpu
pPEryJIIOBaHHI TMETJII BaXJIMBO 3a0€3MCUYUTH CHUCTEMY HAIIHHO MPAIIOI0YUMU
OE3KOHTAKTHUMHM JAaTYUKAMH BEJIMYMHU METII.

[Ipu mpoxkarii npoduIr0 3 HEBEIMKOI TOBIIMHOK MOXXHA TPUNHATH, IO
YTBOPEHHS METJII HE CYMPOBOKYETHCS MOSIBOIO HANPYT CTUCKY B METajl. Y BUMAIKY
MPOKATKU TBEPAUX (PACOHHUX MPOQIIIB YTBOPEHHS METI1 CYMPOBOKYETHCS MOSBOIO
B METaJll CTUCKAIOUMX HAIpyT 1 MpoKaTKa BiAOyBaeTbes 3 mianopom. Taka metis mae
CTIUKICTh TIPU IIUIKOM TMEBHUX ii po3mipax. [IpakTU4YHO BBa)Ka€TbCs, MO TIPH
npokaTii (pacoHHUX NPOo(dUIIB HA MUIKOCOPTHMX CTaHaxX CTpiia CTIMKOI MEeTil He
nepesutrye 0.1 BiACTaHI MK KIITSAMHA. Y TBOPEHHSI METI1 MK KIITIMH BiIOyBa€ThCA

y BUMNAAKY, KOJU IIBUJAKICTh BUXOJY METajdy 3 MOMEpPEAHbOI KIITI v, Oliblia

8bIX |
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IIBUJIKOCTI BXOJAY METaly B HAcCTylHY KIiTh v, . . Pi3HUISA A/, MDX JOBXHHOIO

MeTjl MeTalny ¢ ¥ BIJCTAHHIO MDK OCSMH CYMDKHHMX BaJIKiB, IO BUXOJUTH 3a

PaxyHOK pi3HHII IBUIKOCTEH v, 1 U,

Y
:7r.D-(1+S)-J' ni_h it + AL,
60

0 i+1

AL,

ne D =Dj =Djy;

$=S8j =Sj1;

t, = - yac MPOXOKCHHS TIEPETUHOM BiJICTaH] /|

Vexit1

Aly - PI3HHIS MK JIOBXKHUHOK MMETJII ¥ BIJICTAHHIO MK OCSAMH CYMDKHHX
BaJIKIB MPU 3aXO0/1 B HACTYIHY KJIITb.

Bumoru 10 AMHAMIKK CUCTEMH PETYJIIOBaHHS JOBXUHU TETI1 3HAYHO HUKY1, HIXK

IIPU PETYJIFOBaHHI MIHIMAJIBHOTO HATATY.

Jlns xomm'torepHoro mojaentoBanHs B cepenonuili MATLAB 6.0 pospo6iiena

MOJENb METIII.

T4

Ehz 422
Display
1070
# Dizcrete system
Enable Te=0.1
> -
i) - s I
Froducti
Froduct2
x
-C-
> T2 =zadan
E*=
MM ax Displa
playz C Froductz
o= o005

E™1 E~10

Pucynok 3.6. Monens netni.
Po3paxyHoK Mo0BXEeHHS TIETII 3aJIeKHO Bif 11 BUCOTH. (SV)
SH - Bucora neti ( icTUHHA BiJI AeIbTH a00 3aj1aHa)

A - BiCTaHb BiJl CEPEIMHU CTOJIA IO BUIIITOBXyBaya
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SV — nomxuHa neti ( icTiHHA abo 3a/1aHa)

/7777
SV = (NA> + SH? — 4)*2

Po3paxyHok koedirienta, mo Hopmye (Fenl)

FKN - HOMiIHaJIbHUIT HOPMYIOUHI KOE(PILIEHT

DN - HOMiHaJIBHUM JIIaMETp BajIKa

DAKT - niametp Banka Big REF

UN - HOMiHanbHE NepeaBalibHE YUCIIO PEAYKTOpa
UAKT - akTrBHE TIepeaBaIbHE YHCIIO PEAYKTOPa
FAKT - ¢aktuunuii HopMyrounii KoeiieHT

DN, UAKT
DAKT ~ UN

FAKT = FKN *

Hopmyrounii koedimieHT sABISE€TbCS  KOE(IIEHTOM TMEPETBOPEHHS PI3HUIN

3a/1aHO1 Ta ICTUHHOT JOBKHUHU TETJI1, B I0JaTKOB1 00€pTU HA MPUBIJIL.

3.3 Moaeab ejIeKTPONPUBOAA MPOKATHOI KJIITI i meTJi

CucteMu JIBO30HHOTO PETYJIOBaHHS 3aCTOCOBYIOTHCS JIJISI €JIEKTPOIPUBOIIB,
KEepyBaHHS MIBUJIKICTIO 00EPTAaHHS SIKUX 3a/1a€ThCS SIK 3MIHOIO HAIMPYTH Ha SKOPI, TaK
1 3MIHOIO TIOTOKY 30y/KeHHs. [l 3a0e3nedeHHS HOPMadbHUX CHEPreTHIHUX
MOKA3HUKIB EJICKTPONPUBOJIA PETYJIIOBAaHHS IIBUIKOCTI B MeEXKax BiJ HYJS [0

OCHOBHOi CTBOPIOIOTHCS MPU HOMIHAIBHOMY MOTOI 30yIKEHHS TIIBKU 32 PaxyHOK
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3MIHU HAIpPyTHU SIKOPS, a B Jlana3oHi 3MiHU IMIBUAKOCTI BUIIIE OCHOBHOI peryItOBaHHS
3IACHIOETHCS 3MIHU TIOTOKY 30Y/DKEHHS MIPH HOMiHaNbHIN Hanpy3i abo EPC skops.

ABTOMAaTHYHUN TIOAUT 3a3HAYEHUX JIBOX 30H PETYJIOBAaHHS IOHANKpaIe
BUKOHYETHCS B CUCTEMAX 13 3aJIEKHUM KEePYBaHHSM MOTOKOM 30Y/IKEHHS JIBUTYHA, Y
SAKUX PETYNIOBaHHS CTpyMy 30yMIKEHHS 3IIHCHIOEThCS Yy (QYHKIIT CHOIYyYHOTO
napameTpa - Hanpyru ab6o EPC nBuryHa. 3aBasku 3acTOCYBaHHIO aCTaTUYHOTO
peryJIloBaHHS 3MiHa TOTOKY 30Yy/KCHHS B TOBHOMY Jialia3oHi BIOYBA€ThCS TP
HE3MIHHOMY 3HAYeHHI 00 eaHyiodoro mapaMerpa. I[lpum BuOOpi 00 €IHYIOUOrO
napaMmerpa nepesary 3BuuaiiHo BiggaroTh EPC nBuryHa, ocKiibKy B LIbOMY BHUIQJIKY
3a0€e3M1euyoThCs OUThII BUCOKI €HEPIeTHYHI TapaMeTPH YCTaHOBKH.

CkazaHe JIeTKO TOSICHUTH, PO3TJISHYBIIM PEXUM MPUKIAACHHS CTaTUYHOTO
MOMEHTY Yy JABOKPATHO IHTETPYIOUil CHUCTEMI JBO30OHHOI'O PETYJIIOBaHHS IIBUIKOCTI.
Ao sK cnojdy4yHuid mapameTp BUKOpUCTOBYeTbcst EPC aBuryHa, TO BITHOBJIEHHS
MBUAKOCTI Oyne 3a paxyHok 30unbiieHHss EPC meperBoproBaya, M0 >KMBUTH SKIp
JBUTYHA, TIPH HE3MIHHOMY TOTOII 30y/KEHHS. Y BHUIIAIKy PETYIIOBAHHS CTPyMY
30y>KeHHs y (DYHKIII HAMIPYTy JABUT'YHA OCTAHHE OyJie MIATPUMYBATUCS 32 PaXyHOK
36unbmenHss EPC nepeTBopioBaua Ha BEIMUMHY, MEHIITY, HIK Y MIEpUIOMY BUIAIKY, a
KOMIICHCAIllsl CHaJaHHs Hanpyrd B SKOpl JBUTYHA BIAOYAETbCS 3a PaxyHOK
BIJIIOBIJTHOTO OCNA0JICHHSI TMOTOKY. TakuM YWHOM, y JPYroMy BHIIQJIKy IBUTYH
HAaBaHTA)XCHUN CTATUYHUM MOMEHTOM, OyJie MpaioBaTd MNpPU MEHILIOMY IOTOII],

TOOTO 3 OUIBIIMM CTPYMOM SIKOPSI, 1 PU OUIBII 3apEryJIbOBAaHOMY MEPETBOPIOBAYI.

Pucynox 3.7 I'padik 3MiHU MIBUAKOCTI
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3.4 CuHTe3 cUCTeMH KepyBaHHA

CucremMu JBO30HHOTO PETYJIIOBAHHS 3aCTOCOBYIOTHCS JUISI €JIEKTPOIPUBO/IB,
KepyBaHHS IIBUIKICTIO OOEpPTaHHS SKUX BUPOOJAETHCA SK 3MIHOIO HAMPYTO Ha
AKOpl, Tak 1 3MIHOIO TIOTOKY TMoOpylueHHsA. /[l 3a0e3meueHHs HOPMAaIbHUX
CHEPreTUYHUX MOKA3HMKIB €JIEKTPOINPUBOAA PETYIIOBAHHS HIBUIKOCTI B MEXKax BiJl
HYJISI O OCHOBHOI BiOyBa€ThbCsS MPU HOMIHAIBHOMY MOTOIN 30YyKEHHS TITBKH 32
PaxyHOK 3MiHU HaIpyTH SIKOps, a B Jiana30Hl 3MiHU IIBHUIKOCTI BHUIIE OCHOBHOTO
PEryJoBaHHS 3/I1MCHIOETHCS 3MIHOIO MOTOKY 30Yy/PKEHHSI TIPU HOMIHAJIbHIM Hampys3i
a6o EPC sxops.

ABTOMaTUYHUN TONIT 3a3HAYEHUX JBOX 30H PEryJIOBaHHS IIOHAWKpaIle
BUKOHYETHCS B CHCTEMAX 13 3aJIGKHUM KEPYBaHHSAM IMMOTOKOM 30Y/KEHHS JIBUTYHA, Y
SKUX PETyJIIOBaHHS CTPyMy 30Y/DKEHHS 3IIACHIOETHCS y (YHKIIT CIOIYYHOTO
napameTpa - Hanpyru abo EPC nBuryHa. 3aBAsku 3aCTOCYBaHHIO aCTaTUYHOTO
peryJiloBaHHs 3MiHAa MOTOKY 30Y/IP)KEHHS B TOBHOMY Jiana3oHi BiOYBa€ThCA MpHU
HE3MIHHOMY 3HAu€HHI CroJiydHoro mapamerpa. I[lpu BubGopi 00 €qHyr04Oro
napamMeTpa nepeary 3BuuaiiHo BijaioTh EPC nBuryHa, ocKijJbKM B IIbOMY BUIQIKYy

3a0€e3Meuy0ThCs OUThII BUCOKI €HEPreTHUYHI TapaMeTPH YCTaHOBKH.

3.4.1. Po3paxyHok pezyniamopa cmpymy AKOps 6 Pedcumi 6e3nepepenozo cmpymy.
baxxana nepenaBanbHa GyHKIIST PO3IMKHEHOTO KOHTYPY CTPYyMY 3 ypaxyBaHHSIM

HEOJIMHUYHOTO 3BOPOTHOIO 3B'SI3KY:

W(p)=—— KT (3.14)
aTT,u p(T,u p + 1)
ne K, = II—? = % = 0.0051- Koe(]iIieHT 3BOPOTHOTO 3B'SI3KY 3a CTPYMOM SIKOPSI;
H

T, =0.005 ¢ — HEKOMIIEHCYI0Ya MaJjia IIOCTIiHA Yacy;

a, =2 - CIIBBIJHOIIECHHS NOCTIMHUX Yacy KOHTYpY CTpyMy (MOIyJIbHUA

ONTUMYM).
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[lepenaBanbHa (yHKINA 00'ekTa peryntoBaHHs (0€3 00Ky BHYTPIIIHBOTO
3BOpOTHOTO 3B'A3Ky 10 EPC nBuryHa).

®Di3UYHOI0 MEPEeayMOBOIO Ui TaKOro JIOMYLIEHHsS € Ta OOCTaBUHA, IO JAJIS
OUTBIIOCTI MPOMUCIOBUX EIEKTPOIPHUBO/IIB MOTYykHIicTi0 Ounbine 100 kBT y cumy
3HAYHOI 1HEPUIMHOCTI KaHaly 3BOpPOTHOro 3B'si3ky nmo EPC nBuryHa moBOKEHHS
CTpyMy SIKOpsI B IEPEXIAHOMY PEXKHMI BU3HAYAETHCSI B OCHOBHOMY 3MiHOIO EPC
TUPHUCTOPHOTO TMEepeTBOpIOBayua i mano 3anexuts Big EPC nBuryna.

K1/R, _
T, p+)(T,p+1) "

ne Rg=0.112 Owm - onip cHUI0BOTrO JIAaHLIOTA SKOPS;

Wo5. (p) = (3.15)

Tg=0.0144 c - nocriitHa Yacy CHJIOBOTO JIQHITIOTa SIKOPS;

T,=0.004...0.01 c - mocrTiifHa yacy THPUCTOPHOTO MEPETBOPIOBAYA;

K1=0.1E4=76 — xoedimieHT miIcuieHHs THPUCTOPHOTO TIEPETBOPIOBAYA.
Busnauaemo HamaromkeHHs 1HTerpaibHoro perymnsatopa crpymy (ITI-PC), mo
JI03BOJISIE OJIEPKATU OY/1b-AK1 OTIEPETHBO 3a[aHl TapaMeTpU KOHTYPY CTPyMY.
Horo nepenaBanbHa (yHKILiS:

Wer(p)= Kk, +—: (3.16)
T,p

u
ne ki, Ti, — BiagmoBigHO KOe(DIIi€HT MPOTOPIIMNHOT YaCTHHU 1 MOCTIHI Yacy
IHTErpyBaHHS.

HanamryBanHs 004HCIIIOIOTHCA 10 GopMyax:

_ KIK,T,,

T  [c] (3.17)
R3
T= 76x0.0051x0.35 _1911 c.
0.112
kp= Do (3.18)
Ty
Kn= E =0.289 .

1.211



66

3.4.2 Po3paxynok pezyaamopa cmpymy 6 30Hi nepepuguacmozo Cmpymy

[ToripimieHHs AMHAMIYHUX BIJIACTUBOCTEH y PEXHUMI MEPEPUBUACTOTO CTPYMY
BHUPaXXa€ThCS B 3HAUHOMY 3aTATYBAaHHI MEPEX1AHOTO MPOIECY B 30HI MEPEPUBUACTUX
CTpyMIB dYepe3 HEKOMIICHCOBaHE 30UIbIIEHHS EKBIBaJCHTHOTO OMOPY SKIPHOTO
JaHIIIOTA.

JUis  TOMIMIIeHHS JUHAMIKM BUKOPHCTOBYETHCS QJANTUBHUNA PETYJSATOP
CTpyMYy 3 HENIHIMHOIO XapaKTepUCTHKOIO, WI0 XapaKTEpU3YETbCS PI3HUMHU
nepeJaTOYHUMU (PYHKLISIMU B PEXKHMMAaX MEPEPUBUACTOrO M OE3MEepepBHOTO CTPYMIB.
Jns moainy 30H pOOOTH PEryisiTopa BUKOPUCTOBYETHCS CIELIAIBHUN JaTYHK,
pearyoumii Ha nepepuBaHHs CTPyMY.

Sk BXKe BIA3HAYaANOCh, Y PEXHUMI NEPEPUBUACTOTO CTPYMY SIKIPHHMM JIAHLIOT 3

MEePETBOPIOBAYEM MOKE OyTH OMMCaHUM MepeaaBaIbHO0 QYHKIIIEO:

K1

RLT,prD) (319)

W(p) =

ne K1 = 76 - xoedimieHT miacHIeHHs THPUCTOPHOTO MEPETBOPIOBaya IKOPS;

R; = f(1)- ekBIBaJEHTHUH OIip AKIPHOTO JIaHIIOTa (€ mapamMeTpoM y (GyHKIIi
BIJIHOCHOT TPUBAJIOCTI MPOTIKAHHS CTPYyMY) 1 3HAUHO TIEpEeBUIILYE Rg.

[lepenaBanibHa (QYHKIIS peryasTopa CTpyMy, M0 3a0e3nedye Taky XK

JMHAMIKY, sIKa 3ajlaHa B PEKHUMI 0e3MepepBHOTO CTPYMY, BUSHAYAETHCS 3 BUPA3y:

K.KL 1 _
RL(T,p+1) 2Typ(1+Tﬂp)’

Wer (P)

3BIIKA BU3HAYECHO:
Ri

W (p) = .
er (P) K; xK1x 2T, p

Perynstop cTpyMmy moBuHEH OyTH IHTErpajbHUM 31 3MIHHOi MOCTIHHOI 4acy,

110 3aJICKHUTH BiJ 3HAYEHHS Rj .



67
Ockinbku Rj TOB'SI3aHO 31 CKBaXHICTIO CTPyMY, 3alpOIOHOBAaHA KIHOYOBA
cxeMa, 1o 3MiHIOE CTpyKTypy 3 Ill-perymsaropa Ha I-perynstop i3 uyactororo i
CKBa)KHICTb, 1110 BIAMOBIJA€ CKBAKHOCTI CTPYMY B MIEPEPUBUACTOMY PEKHMI.
Y  HemiHIAHOMY peryysiTopi CTpyMmy 30UIbIICHHS Rj  KOMIICHCYEThCS
301IbIIEHHSAM KOe(illi€HTA MiJICUICHHS PETYIATOPa CTPYMY.

Ky xKIx2T, R}~ 0.0051x76x2x0.005x1.12
g R} 1.12

=0,0039cC.

3.4.3 Po3paxyHok 6i0HOCHOI nOXuoOKu pezyil08aHHs, nepepezyiio6anHs i
nOXIOHOT cmpymy
PosristHemo  pexuMm  BIANpalbOBYBaHHS CTpUOKAa 3aBIaHHA CTPyMy
I5=Us /K¢ Ha BXoai KOHTYpY, He 3 oryiany Ha nii EPC aBuryHa.
PiBHSIHHA 1J1 CTpyMy ABUTYHA B ONepaTopHid GopMi B IIbOMY BHUMAAKy Mae
BUTJISII;

e . (3.20)

I(p) = ;
(P) Typ(M,p+h+1

[TepeiiiioBiny 10 OpUTiHAITY OJIEPIKYEMO:

t

I(t)=1,0-2xe ™ xsin(Ti+%)); (3.21)
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Pucynok 3.9 3mina cTpyMy npu cTpuOKy 3aBAaHHS Ha BXO/I1 PETYJISATOpa CTPyMY



68

[ToxigHa ctpymy

.
ool uletyam EED

Pucynox 3.10 3MiHa moxigHOI cTpyMy MpH CTPUOKY 3aBJAaHHS Ha BXOJII PETyJsiTopa

CTpymMy

[IpupiBHSBIIM MOXIIHY CTPYMY HYJIO, 3HANIEMO:

ne tp1=0.0314 ¢ - MOMeHT "acy, 110 BIAMOBIAAE MEPIIOMY MAKCUMYMY CTPYMY.
OTxe, MaKCUMaJIbHE 3HAYCHHS CTPYyMY JOPIBHIOE:

lyax = 1, x(1+€7)=2025 A.

[IepeperytoBaHHs CTpPyMY JBHUIYHA!

5% :'MAXI—_'leooz 4.42% .

3
JIJisi BU3HaY€HHSI MaKCUMAaJIbHOI BEJIMYMHU TOXIJHIA CTPYyMy 3HaWJIEMO APYyTy

HOXIJHY CTPyMYy U 3aCTOCY€EMO aHAJOTTYHUNA METO/I:
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STZJ = J%IT?? o™ ><sin(% —%) ; (3.23)
b 7
.4
ae t2=0.0079 ¢ - MOMeHT Yacy, 110 BIAMOBIJAE MEPIIOMY MAKCUMYMY MOX1IHIN
CTPyMY.

(ﬂj =@Xe7 =0.64x@=145 KA/c
dt Jyax  To 0.01

145kA/c<400xA/c— oTxe HeMae HEOOXimHOCTI B OOMEXKEHHI Yy IIBHUAKOCTI
HApOCTAaHHS CTPYyMY.

BinHocHa nmoxuOka peryatoBaHHsS CTPyMY:

a1t 1 =0.028=2.8%.
luax 1, w1435

TT

[lepeBipuMO KOHTYp CTpyMy Ha CTiiikicTb mo miarpami bome. Jlnst mporo

CKJIQZIEMO CTPYKTYpPHY CXEMY KOHTYPY CTPYMY:

= 8.9
g FID - —i
0.09=+1 0.019=+1

Rlaz Transfer Fond Transfer Fon3

" }4

Kotz

Input Faint

Cutput Paint

Pucynok 3.10 Kontyp ctpymy

[lepexinni nmporecH, peanizoBadi B cepenosuii MATLAB 6.0
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Bode Diagram
From: Input Paint

I agnitucle (cE)
To: Output Poirt

| |
_as | 4
90 System: untitlec_1 B

Phase margin (deg) 54
Drelsy margin (sec): 0.000206
S35 At frequency Cradfsec) 723
Clozed-loop stable? Yes

Phase (deg)
Ta: Gutput Point

180 =
10" 10" 10° 10’
Frequency (radisec)

3.4.4 Po3paxynok napamempig pezyiimopa uieuoKocmi

CrangapTHe HaJamITyBaHHSI KOHTYPY PEryJIIOBaHHS IIBUIKOCTI HA MOAYJIbHHIA
ONTUMYM HIMPOKO BUKOPUCTOBYIOTHCS Ha TMpPaKTULl Yy 3B'SI3KYy 13 MPOCTOTOIO
TEXHIYHOI peaizaili i COpUSTIMBUM ISl OLIBIIOCTI €IEKTPOIPHUBO/IIB XapaKTepoOM
NPOTIKAaHHS MepexigHuX mpoueciB. OgHAK, TOYHICTb PETyJIIOBaHHS MOXe OyTH
HUKYOI0, HIK Y PO3IMKHEHIA CUCTEM1 €JIEKTPOIPHUBO/IA, 1 HE 3aJJOBOJILHATH 3a/IaHUM
BUMOraM. Y I[HMX BHNaJKaXx B OaraTOKOHTYPHUX YHI(QIKOBAHMX CTPYKTypax
pEryJoBaHHSIX HEOOX1JHO BUKOHYBAaTHU 30UIBIIECHHS TMOPAJIKY acTaTU3MY CHUCTEMHU
CTOCOBHO BILJTUBY HaBaHTAXCHHSI.

OaHUM 3 MOXJIMBUX IUIAXIB 30UIBIIEHHS TOUHOCTI PETYJIIOBaHHS IIBUIKOCTI
Ipy 3MIHAX HABAaHTAXXCHHS € JOTIOBHEHHS JBOKOHTYPHOI CHCTEMH PETYIJIIOBAaHHS
IIBUIKOCTI, 10 HATArOMKCHWH HA MOIYJIBHHA ONTUMYM, JAPYTHM KOHTYPOM
PETYJIIOBaHHS MIBUAKOCTI, HAJIATOJKEHUM TaK CaMo, SIK 1 TIePIIIHA.

3a0e3neunTi acTaTU3M 3a HABAHTAKECHHSIM MPU PETYIIOBAHHI IIBUIKOCTI
MOXHa 0€3 3aCTOCYBAaHHSI APYroro KOHTYpPY PEryJIlOBaHHS MIBUJKOCTI MIJISXOM
HaJIaro/PKeHHS TBOKOHTYPHOI CUCTEMH Ha CUMETpUYHMMA onTumyM. [lms peamizartii
IbOr0 MLUISIXYy TMpPH TMOCHIOBHIM KOPEKIli KOHTYpPY pEeryJilOBaHHS IIBUAKOCTI

3a/1aI0ThCs OAKAHOKO TIEPEAaTOYHOI (YHKITIEI0 PO3IMKHEHOTO KOHTYPY Y BUTJISIIIL:

1+8T
W(p) = ;T iy %(C ; (3.24)
P AT, p(2T,p+])
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ne T,=001 - MOCTIITHA Yacy KOHTYpPY CTPyMY;

U . .
e 10 _ 0.096 - KOe(]IIIEHT 3BOPOTHOTO 3B'SA3KY 3a MIBUAKICTIO.
Oy 104

Ke =

[lepenaBanbpHa QyHKIIIsS 00'€KTa pETyIIOBAaHHS:

WOP(p)_ZT#p(T#p+1)+1xsz’ (3.25)

[IpakThKa HajgaroJKEHHS PErylbOBaHUX ENEKTPONPHUBOJIB MOKa3ye, M0 0e3
BEJIMKOI MOXMOKM JJIA OLIIHKU SIKOCTI pEeryJyitoBaHHs B 3HaMeHHUKY (1.80) moxkHa

Bi,Z[KI/IHYTH YICH OAPYIOoro IOPAAKY, IIPHU NbOMY:

W () = 2T il 3 (3.26)

[lepenatHa QyHKIIIS peryiasTopa MIBUIAKOCTI:

KyxJy 1+8T,p 1+T,p,

W (p) = 3.27
(P) Kexec  32T7p  T,p (3.27)
OTtpumano nepenatHy (yskirito [Ti-perynstopa mBUIKOCTI.
32xT?x K. xC
T, = 27w X e X ] (3.28)
K; xJy
T, = 32x0.0001x0.096x 4.28 _0.000414 c.
0.0051x622,5

T, =8T,=8x0.01=0.08 c.

T, 008
0.000414

K
n
Ty

300pakxeHHs] TIOMUJIKM PETYJIIOBaHHS MPU 3MIHAX KEPYHOUOro BIUIMBY B TaKii

CUCTEMI:
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Woac (P) X 32T,,2 p* (2T, p+1)

377 g2 . (3.29)
P (2T, p+1)+8T,p+1

Awy (p) =

PiBusiausa (1.84) mokasye, 1o 3aBASKH acTaTU3My JPYroro MOPSIKY cTaja

JUHaMIYHA TOMHJIKA B PEXKHUMI JIIHIHHOTO HAPOCTAHHS 3aBJIaHHS @, = &,t BIJICYTHIH 13

I[i€i TPUYMHA ABOKOHTYPHY cucTeMy 3 [li-peryiaroBaHHSIM IMIBHIKOCTI Ha3WBAIOTh
JIBOPa30BO-IHTETPYIOYOD CHCTEMOIO ¥ 3aCTOCOBYIOTh Y THX BHUMNAQAKaX, KOJHU
BOXJIMBO MaTH BHCOKY TOYHICTH BIJIIPAaIlbOBYBaHHS 3MiH CHUTHATYy 3aBIaHHSI U
30yproBaHHS.

[lepeBipuMO KOHTYp MIBHJAKOCTI Ha CTIMKICT, mo pgiarpami bome. s 1poro

CKJIQZIEMO CTPYKTYPHY CXEMY KOHTYp CTPYyMY:

FID ki a9 | 011z - g-_}
— _.“"_ — - L
0.01s+1 i 0.01449=+1 0757=

Rlaz Output Point

Input Point h
Transfer Fond Transfer Fon2 Transfer Fond

F Y

Kot1

Pucynoxk 3.11 Kontyp mBuakocTi

[lepexinHi nmporiecH, peanizoBati B cepegosuii MATLAB 6.0

Step Response
From: Input Point

Ampltude
Too Cutput Poirt
@

| | L | L L
a 005 01 015 0z 025 03 035
Time (sec)



Myjuist Diggram 7 3
From: Input Poirt
T

Imaginary &xis
To: Gutput Paint
o
T

Real Axis

Bode Diagram
From: Input Poirt
S0 =T T T T T TTT T =T T T T T TT T T T T T 1T

Magnitude (dB)
Ta: Dutput Paint

G H H Do H H RN

a - T T =TT T T T T - T T T

: : : Lo System: kont_we_1
="y ) R U SO S S PO B S, S Lo _ i . Phase margin (deg) 2.41
H H H 1 Delay margin (=ec): 0.00075
E At frequency (radfsec) 56
;  Closed-loop stable? Yes

Phase (deg)
Ta: Output Point

a0
i o ) RS VS SR S il o
10" 10’ 10° 10

Freguency (radisec)

3.4.5 Po3paxynok napamempie pe2yiamopa Cmpymy 30y024ceHHs

[TepenaBanbHa GyHKIlIS 00'€KTA PETYIIOBAHHS:

KoM P+D .
W, (p) = 2\ BT : 3.30
P R T, p D) (3:30)
ne Ky=0.15xUp=0.15x220=33 — koedimieHT MiACUICHHS THUPUCTOPHOTO

nepeTBOproBaya JaHIrora 30y IXKeHHS,

Tpc=0.0939 ¢ - nmocTiiiHa Yacy KOHTYypY BUXPOBHUX CTPYMIB;
Tps=Tp+Tpc=0.0939+0.939=1,033 c - cymapHa nocriiiHa 4acy JaHItora 30y >KeHHS;
T=0.005 ¢ - mocTiiiHa Yacy TUPUCTOPHOTO NIEPETBOPIOBAYA JIAHITIOTA 30y IKEHHS.

baxxana nepenaBanbHa GyHKIIISI KOHTYPY:

_ (TBTp+1)/KB .
WP = (3.31)
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lea 15 .
Aac K¢=I—§f:%=0.268— KOe(DIIIEHT 3BOPOTHOTO 3B'SI3KYy 1O CTPyMy

30y KEHHS,

T,=0.005 ¢ — HEKOMIIEHCYIO4Ya Maja MOCTIHA Yacy;

a; =2 - CHIBBIHOIIICHHS MMOCTIMHUX Yacy KOHTYPY CTpyMy (MOAYJIbHUI

ONITUMYM);

Tes=a, T, =0.01c - mocriiina 4acy KOHTYpy CTpyMy 30YIKECHHS.

BxomroueHHsT anepiogMYHOI JIAaHKU 3 TOCTIHHOT Yacy Tgr y KaHaia 3BOPOTHOTO

3B'I3Ky KOHTYpPY CTpyMmy 30y/KeHHs 3a0esneuye (OpCyBaHHS CTPyMy, HEOOXIJIHY
JUTSL KOMIIEHCAIT anepioIMYHO1 JIJAHKH 3 TaKOIO K MOCTIHHOI0 yacy B KoHTypi EPC.

[lepenaBanbHa QyHKIIA pEryasSTOpa CTPYMY 30y IKEHHS .

RB (TBZ p +1) .
w = .
(p) =" KT.p (3.32)

Onepxamnu [1I-perynsatop ctpymy 30yKeHHS.

K KT,  2x33x0.268x0.005
" R, 4.046

~0.0218 c;

K _Tw _1038 .
T r, 00218 '

[lepenatouna (QyHKIS 3aMKHEHOTO KOHTYPY PpErYJIOBaHHS CTPyMYy
30y KEHHS Ma€ BUTIISI;

T, p+1

W) = T, oMo+ D) (3:33)
3.4.6 Po3paxynok napamempieg pezyniamopa EPC
[lepenaBasibHa GyHKIIIS 00'€KTA PETYIFOBAHHS
Wor (P) =1~ (aTT:BpT(FI)'; |o1 P TB:<|;+1 ;
W, (P) = KB(af'{ri g ; (3.34)

ne Ks=KoxKgx - koediieHT niacuieHHs;
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Ko=A®/Alg — xoedilieHT HaXWJIy KpUBOI HAMarHi4yyBaHHS;
Kg=0.05 — KOHCTpYKTHBHA MMOCTii{HA IBUTYHA.

baxana nepenaBanbHa QyHKIIIS:

_ (T,qp+1)/KH .
)= 0T +D) (3:35)

3anexHicTe koedimieHTa Ks Bil MBUAKOCTI OOEpTaHHS CHPUYUHSIETHCS
HeTHIHHICTE KOHTYpY peryioBanas EPC. Bracnimok 1ip0ro nmepenaBanbHa GyHKITIS
perynstopa EPC BigmoBizae onTHUMalbHOMY HAJIATOKCHHIO KOHTYPY JIHIIE TIPH
OJIHOMY TIE€BHOMY («HaJaIlITOBAHOMY») 3HAUCHHI IIBUJKOCTI obepTaHHs. [l BCix
IHIIMX 3HA4Y€Hb NIBUJIKOCTI HaJIaro[KeHHs KOHTYpy perymoBanHs EPC Oyxe
BIJIPI3HATHCS B onTUMaibHOI. [Ipy YoMy mpu 3017IbIIEHH] MIBUIKOCTI KOJUBAHHS
KOHTYypy perymoBanHs EPC 3pocrae, TOMy onTUMajibHE HAJIATOIKEHHS KOHTYPY
3BUYANHO POOJIATH IPH MaKCUMAaJbHINA IIBUAKOCTI 00epTaHHS TOOTO ISt
K3:Kq3 X KE X Mypax-

VY 1upoMy BUMNAIKY AJis BCIX IHIIMX 3HA4Y€Hb HIBUJKOCTI OOEpTaHHS CTYIIHb
KOJIMBaHHA KOHTYpY perymntoBanHs EPC Oyne nuxye.

[TepenaBanbHa dynkiis perynasitopa EPC(ITI-perymnstop):

_ (T)]p+1)KB .

W ,
(v a, T, KK, p

(3.36)

ne Ky=E3/Ep=15/557=0.026 - xoedimient 380poTHOro 38's13Ky 1o EPC;

ag — CHIBBIIHOUIEHHS OCTIMHUX Yacy KOHTYpY peryitoBanHs EPC.
BuzHaunmo mapameTp ag BUXOHSIYM 3 YMOBH oJiepxaHHs nepeperyntoBands EPC ne
ourbire 10%, Tooto 6 E=0.1.

Yac po3roHy npuBoAy A0 HOMIHAJIBHOI MIBUAKOCTI TP M=My, BIANOBIAHO 10
TEXHOJIOTITYHUX BUMOT HE O1JIbIIIE MIEeCTH CEKYH]I.
Ts=Trs+T5=0.01+0.004=0.014c - cymapHa nocriitHa 4acy KOHTYpYy 30yIKEHHS;

_ SAxt;  0.1x307

Shcalal 43,
DxO, 58

ag

K3=Ko xKg x®,2x=0.9x 0.05x 104=4.7.
[Tapametpu Ili-perynstopa EPC:
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_ T KK,  4.3x0.01x4.7x0.026

T, =0.024c.
K, 0.268
K, =Ls 0004 4,
T, 0024

VY npuBeneHiii po6oTi Oyia po3riisiHyTa po3poOKa CUCTEMHU aBTOMATH3AIll
JIarHOCTUKM CTaHy oOOJaJHaHHA Ta aHajizy mapamMeTpiB MPOKaTHUX CTaHIB
OMOMIHTY. AKTyalbHICTh MOAIOHOI CHCTEMH HE BUKJIWKAE CYMHIBIB, OCKUIBKH, ITO-
nepiie, BaXKO TEPEOLIHUTA BaXKIUBICTb METATypridHOT MPOMHUCIOBOCTI JUIS
CeKOHOMIKH CydacHOi YKpaiHH, MO-Apyre, caMe aBTOMAaTH3allil TEXHOJOTIYHUX
IPOLIECIB MPU3BOJUTH J0 MOJIETIICHHS Mpani poOITHUKIB BIIMOBIIHOI raixy3i Ta J0

3HAYHOTO MMiJIBUILIEHHS SKOCT1 BUPOOIB Ta MIBUIKOCTI iX BUPOOHUIITBA.
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BUCHOBKHA

JlocBinm omTuMizallii CHCTeMU TMETJIEPEryNIOBaHHS TOKa3aB, IO TpuU
BIIPOBAPKCHHI Y BUPOOHUIITBO ABTOMATH30BAHUX CHUCTEM 3pOCTa€ €()EKTUBHICTDH
BUPOOHUIITBA, 3HWKYETHCA COOIBAPTICTh MPOAYKIIII, MIABUILYETHCS ii SKICTb. Tomy
CTBOPEHHS TAKUX CUCTEM € AYXKE BAXKJIUBUM 1 IEPCIIEKTUBHUM HAIIPSIMKOM PO3BUTKY.

VY Xoal BUKOHAaHHS MariCTepCchbKOi poOOTH OAeprKaHl 3HAHHS 1 HABUYKHU I10
MOCTAHOBIIl 3a/Ja4 KEepyBaHHS, IMPOEKTYBaHHSA (YHKI[IOHAJbHUX CXEM HPOKATKU
MeTally 1 cXxeM (yHKIIIOHYBaHHS OCHOBHHUX 3aJ1ay, IPOAHATI30BaHUI TEXHOJOTTUHHIM
nmpoiiec, BUOpPAaHO CTPYKTYypy 1 THI CHUCTEMH, 3acOO0M aBTOMATH3aIlli 1 OMUCAHO
(yHKIIOHAJIBHI CXEMH, HAJIXOJI)KEHHSI CUTHAIIB B 1 iXHS 00poOKa.

OntuMmizarmisi, 1o Oyna TpoBeleHa Ha O00’€KTI IUIIXOM  3aMiHU
CJCKTPOABUTYHA 1  TUPUCTOPHMM  MEpEeTBOPIOBaY,  J03BOJIMJA  3OUIBIIUTH

MPOTYKTUBHICTh BUPOOHUIITBA.
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JlomaTok A
1 GENERAL INFORMATION ABOUT THE METAL ROLLING PROCESS
1.1. Trends in the development of metallurgy

Metallurgy is one of the oldest and most popular areas of human activity. Metal
products are widely used in all spheres of society due to their mechanical properties,
despite their relative high cost and manufacturing complexity. Practically all
fundamental frameworks of machines, building structures, technological structures
and common household appliances contain metal products, which are often the
integral link without which the normal operation of the structure is fundamentally
impossible.

Demand for metal products, which is constantly growing, significantly
influenced the technology of obtaining metal blanks throughout the development of
metallurgy. In the conditions of constantly increasing volumes of orders for high-
quality metal for the needs of industry and construction, the management of
metallurgical plants faced a number of tasks related to the improvement of the
equipment of production shops , as well as the adoption of new, more advanced and
economically feasible methods of production of high-quality metal.

Currently, in global metallurgical practice, it is customary to distinguish
between full-cycle enterprises (metallurgical plants) and metallurgical mini-plants
[1]. Enterprises of the full metallurgical cycle assume the release of finished products
after passing through all stages of metal production, starting with the processing of
iron-carbon raw materials (production of agglomerate), ending with the production of
liquid iron in blast furnaces, steel production (mainly in oxygen converters), steel
pouring, as well as systems of rolling mills for obtaining certain types of metal
products. The main difference between metallurgical mini-plants and enterprises with
a full cycle is the use of metal raw materials, mainly scrap metal. At the same time
the technological process of steel smelting is based on modern steel arc steel melting

furnaces.
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In addition to the creation of new mini-plants, works are continuously being
carried out to reconstruct the production capacities of metallurgical plants with a full
cycle [2], which, despite the wide possibilities of obtaining finished products, have a
number of disadvantages. The latter include low flexibility of production in response
to changes in customer requirements, significant energy costs, difficulty in
coordinating the actions of various interconnected production shops , the need to
maintain a large number of employees and, as a result, a significant increase in the
cost of finished products. In this regard, in order to compensate for such
shortcomings, measures are taken to improve the installed equipment or complete
reconstruction of the existing technological chains at factories with a full cycle. The
goals of such improvements are to increase the flexibility of production, reduce the
influence of the human factor on technological processes, and, importantly,
emphasize its positive qualities, namely: a large volume and high quality of finished
products.

The technology of obtaining cast iron and steel, polished by years of practice,
practically does not provide opportunities for large-scale modernization aimed at
optimizing production. However, the production of cast blanks (blooms, slabs) is by
no means the ultimate goal of metallurgy. The resulting castings are sent for further
processing to the rolling mills, where the production of final products is already
taking place - profiles of round and square sections, sheets, pipes. The rolling
technology itself initially makes demands exclusively on the properties of the metal
itself before, during and after rolling. Thus, there is a significant space for the
emergence of new ideas regarding the introduction of more advanced and efficient
chains of processing of cast blanks in production.

A modern rolling mill is a complex complex of various machines located in
continuous lines up to 1000 m long or more, sometimes in three or more spans of the
building (Fig. 1.1, 1.2). The total weight of the equipment of a large rolling mill

exceeds 40 thousand tons. Rolling equipment is mainly machines with heavy beds or
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frames with large rotating parts (rolls, spindles, rollers, shafts, gears), as well as parts

that perform reverse translational movement along a complex trajectory [ 3 ].

Figure 1.2 — Continuous sheet rolling

A high level of automation, as well as the use of advanced technologies, allows
us to produce up to 120 tons of finished products per hour. All technological
machines installed on the stand perform their irreplaceable function and are links of
one big chain, which has its beginning at the loading area of blooms, where Pratzen
cranes load cold blanks onto the loading grids, and ends at the areas of packaging and

loading of finished rolled products .


http://masters.donntu.ru/2013/fimm/lytaev/diss/index.htm#ref3
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The diagram of the state equipment location is shown in Fig. 1.3.
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Figure 1.3 — Location diagram of rolling mill equipment:
1 — fixed stop; 2 — rack of blanks; 3 — loading grates;
4 — roller conveyor scales; 5 - the lowering stop; 6 — pusher ; 7 — heating furnace; 8 —
a device for hydraulic scalding; 9 — tunnel-thermostat;

10 - traibaparat in front of the 1st cage; 11 — draft group of cells; 12 — crank -lever
scissors; 13 — an intermediate group of cells; 14 - crank -lever scissors; 15 — a clean
group of cages; 16 — device for measuring geometric dimensions; 17 — section of
accelerated cooling; 18 — two-system scissors;

19 - crank handle ; 20 — rail rack; 21 - bridge scales;

22 - knitting machine; 23 — transverse conveyor; 24 - stationary stop;

25 - accumulator of irregular bars; 26 - chain conveyor 1;

27 - chain conveyor 2; 28 — dispenser; 29 - flying scissors of cold cutting; 30 - the
right car; 31 — loop regulators ; 32 - devices for changing cages; 33 — tearing Scissors;

34 - a machine for removing blanks; 35 - pusher ; 36 - winder ; 37 - tribaparat

Rolling of varietal profiles at the camp is carried out in three groups of cages
(Fig. 1.4):

draft 11, consisting of one horizontal and one vertical cage 600, two horizontal
and two vertical cages 440, with alternating horizontal and vertical cages in a
group;

intermediate 13, consisting of three horizontal and two combined cages 390,
and one vertical cage 390; horizontal cages alternate with combined and
vertical cages;

finishing 15, consisting of two horizontal and four combined cages 390;

horizontal cages alternate with combined ones.
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Figure 1.4 - Area of cages

In the rough and intermediate groups, rolling is carried out without a rolling
edge with minimum tension between the cages, which is automatically supported by
the minimum tension adjustment system.

On the crank -lever shears 12 and 14 (Fig. 1.5), after the rough and
intermediate groups, the cutting of the front and, if necessary, the rear ends of the

rolling, as well as emergency cutting into dimensional parts is carried out.

Figure 1.5 — Crank -lever scissors

In the finishing group, rolling is carried out using a loop regulation system .
The size of the loop is maintained automatically by loop regulators 31 (Fig. 1.6),

which use pulses from photoelectric sensors of the loop position during operation.
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Figure 1.6 - Loop regulator

Working cages that are not used in the rolling process are removed from the
stream, and special chutes are installed in their place.

The finished rolled product, after controlling the geometric dimensions, is
transported to the accelerated cooling unit 17, which provides a reduction and an
increase in the strength properties of the metal.

In the production of profiles that are not subject to accelerated cooling, instead
of sections of cooling pipes, corresponding sections of the roller conveyor are
introduced into the state line.

The heat -strengthened or hot-rolled rolled product is fed by a triba device to
two-system stop-start shears 18, on which it is cut into rods of a given length, which
are transported to a cooler that is fed by a roller conveyor.

Braking of strips of finished rolled products is carried out on the receiving
roller conveyor of the refrigerator by a system of double lifting valves (separating
partitions and valves).

The refrigerator itself is a system of stepping rails 20, which transfer the cooled

rolling stock in the transverse direction as the blanks arrive (Fig. 1.7).
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Figure 1.7 - Refrigerator with stepping beams

After the rail rack, the rolled product enters the transfer device, on the
assembly chains of which layers of rolled products are formed with a certain number
of bars and the step of the layout, which are then transferred to the removal roller

conveyor of the refrigerator.

The area of the cages is designed for rolling the following finishing profiles:

Small variety in bars:

Round steel 12...13...13 mm GOST 2590-71
Tetrahedrons 12...29...29 mm. GOST 2591-71
Hexagons 12...31...31 mm. GOST 2879-69
Strips 6...28...28 x 30...120 mm GOST 103-76
Small variety in riots

Round steel 12...50...50 mm GOST 2590-71
Tetrahedrons 18...35...35 mm. GOST 2591-71
Hexagons 18...38...38 mm. GOST 2879-69
Medium grade

Round steel 34...75...75 mm GOST 2590-71

Tetrahedrons 30...65...65 mm. GOST 2591-71
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Hexagons 32...70...70 mm. GOST 2879-69
Strips 20 x 90...18...18 x 120 mm GOST 103-76
The area of cages is intended for rolling the following grades of steel:
e Bearing steel (GOST 801-78 (20%))
e Spring steel (GOST 14959-79 (10%))
e Alloy structural steel (GOST 4543-71 (35%))
e Cold-formed steel (GOST 10 702-78)

Rolled blanks according to DST 4693-77 are used as raw material. The
maximum strength is 1200 MPa at +20 ° C. The maximum vyield strength at +20 °C is
800 MPa .

Small grade rolling, when the "head" of the workpiece passes through the
sensor of the presence of the workpiece, the distribution arrow is turned on, which
alternately directs the workpieces to both streams of the roller conveyor of the
furnace-thermostat. Each roller conveyor has 51 rollers with an individual drive. The
roller thermostat furnace can have two modes: manual and automatic. The mode is
selected using a rocker switch. The manual mode of operation is intended for starting
the roller conveyor of the furnace, as well as in case of an emergency. The motor
rollers of the roller conveyor when working in pendulum mode change the direction
of rotation every 1.5 revolutions. Control is carried out using a time relay.

Behind the roller conveyor of the thermostat furnace there are scissors, which
provide the possibility of cutting the "head™ of the rolled sheet. In addition, in the
event of a disruption of the rolling process, there is a possibility of emergency
cutting. Next, the metal enters the 1st intermediate group of cells of the fine line
(cells 7F- 10F).

After passing through the first intermediate group of cages of the fine- grade
line, the workpiece is fed to four crank shears, which provide cutting of the "head"
and "tail" of the roll. The impulse for cutting is issued from the sensor for the
presence of metal. Next, the roll goes to the second intermediate group of the fine-
grade line (cells11F -18F), and on the final group of cages of the small- grade line
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(cages 19F- 24F) . Here, depending on the rolling program, automatically operating
loop regulators or tables are used. The impulse to turn on the loop of the regulator
behind the cage 19Fis supplied from the light barrier at the front end of the
workpiece, and to turn it off from the light barrier at the rear end.

Table 1.1 - Technical parameters of small cages

Cell number Gear ratio hlolﬁnm'?er range
11F 4 230...840
12F 2.8 216...734
13F 2.8 220...854
14F 2.24 228...840
15F 2.5 235...725
16F 2.24 497...780
17F 2 236...862
18F 1.6 246...850
19F 14 228...900
20F 1.12 456...822
21F 1.12 226...878
22F 1:1,12 240...794
23F 1:1,12 215...904
24F 1:14 592...838

located behind the cage 24Fis used for calibrating rolled products with high
profile accuracy requirements when rolling round and hexagonal steel. If exact
tolerances are not required and other profiles are used, then the working cage of the
calibrating unit is removed from the rolling stock and replaced with through wiring.
After passing through the finishing group of cages, the workpiece enters the
refrigerator area.

The design of technological process automation systems requires accounting
for the structure of production processes and the features of parametric assessment of
their quality. Therefore, a detailed analysis of the equipment and features of specific

automated production is required.
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1.2. The main technological operations of the rolling mill

The ingots enter the rolling mill after crystallization. Before rolling, the ingots
are subjected to additional heating in the heating wells of the bloomery. After the
heating is completed, the ingots are weighed before rolling, after which they are
transported to groups of crimping cages. Blooming's main rolling line includes cages
grouped into four groups: mill 1300 — the main drive mill, mill 900, mill 700 and
mill 500. After rolling on mill 1300 and primary cleaning on 1250-ton shears, the
rolling passes through two groups in turn cages: condition 900 (2 cages) and
condition 700 (4 cages). Next, after cleaning the front edge with pendulum scissors,
the process operator has the option to either leave the ingot on the main line (to
obtain blanks 80 mm square), or transfer the ingot along the slapper field to the
bypass line (obtain blanks 150 mm square).

On the main line, the ingot is subjected to further crimping on a group of state
500 cages (at the same time, the cross-section of the ingot is reduced to a square with
a side of 80 mm), after which the roll is cut into dimensional blanks. Cutting is
carried out without stopping the rolling - in motion. Drum flying shears that rotate
automatically are used for cutting. The lengths of the workpieces to be cut off - the
rods - are determined by the difference in the speeds of the rolling motion and the
rotation of the drum of the flying shears . The cut rods are placed in bags (as a rule,
up to 26 rods in a bag) and fed to the refrigerators on the outgoing roller conveyors.

At the circumferential line, the ingot is no longer crimped (in the cross-section,
the roll has a square with a side of 150 mm, obtained after rolling in the 700 state)
and is cut manually by the process operator on 1000-ton shears. From these bars,
packages are formed (the size of the packages is much smaller than on the main line -
up to 6 bars), which are also fed to the refrigerators via exit roller conveyors.

Depending on the location of the working cages, rolling mills are divided into the
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following groups: single-cell , linear , multi -cell , sequential, semi-continuous ,
continuous.

Unicellular states are the simplest . Blooming, slabbing, thick-sheet two -roll ,
three -roll , four-roll mills and universal mills belong to this group. Most often, multi
-cell stands are used, which are built mainly with a sequential, and sometimes with a
linear arrangement of cells.

Working cages of linear machines are arranged in one, two, three or more lines,
each of which is usually driven by a separate electric motor. Linear machines are
non-reversible, they are used as billet, rail-beam, grade and wire machines. A
significant disadvantage of these states is the same frequency of rotation of rolls in all
cages of a separate line, which prevents an increase in the rolling speed as the roll
length increases. This leads to a loss of metal temperature, limits the mass of the
workpiece and the productivity of the lathes.

A significant increase in the productivity of rolling mills can be achieved with
the sequential arrangement of cages, the number of which is equal to the number of
passes when pressing the workpiece to bring it to the finished profile. In order to
reduce the length of the workshop and better use its area, the cages are arranged in
several parallel lines. On looms with a sequential arrangement of cages, the roll is in
only one cage at a time. In this regard, the distance between the cages increases from
the first to the last, because the roll length increases. Accordingly, the frequency of
rotation of the rolls also increases. Mills of this group are widely used for rolling

graded profiles.

1.3 Methodology of research and analysis of the work of a continuous fine

mill as an object of production of dimensional rolled products

The technological process of the production of dimensional rolled bars on a
continuous basis is characterized by multistage and multifactoriality [1]. It is a set of

technological operations for successive transformation of rolled steel from one form
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to another: billet-rolling-strip-package of strips-bundle of rods of measured or non-
measured length. The peculiarity of each of the successive operations is that its
results largely depend on the results of the previous operation in the absence of
reverse influence. In other words, each technological operation makes its
"contribution” to the share of unmeasured rent in general as a result of its irrational
organization, unstable work and structural defects of the equipment, reinforcing in its
own way, rather than correcting, the undesirable results of previous operations.

Thus, the output of measured products turns out to be functionally related to
the structure of the entire technological process at the state, as well as to the
capabilities of the equipment and its modes of operation. The task of increasing the
output of measured products can be solved under the condition of disclosure of the
forms and quantitative indicators of these connections .

In order to obtain the maximum yield of measured rolled products, the "ideal"
package should be considered one in which all the strips without exception are end-
to- end , multiples of the ordered length of the bar, the quality of the ends of the strips
meets the requirements of DSTU, when moving along the conveyor roller conveyor,
the refrigerators do not move relative to each other and are installed for cuts with
stationary scissors so that the lengths of the bars in the first and all successive bundles
are the same. Since the package is always "imperfect”, the amount of rolled steel that
can actually be extracted from the strip package turns out to be dependent on a large
number of unstable factors: the longitudinal displacement (scattering) of the ends of
the strips after they stop at the end of the cooling phase, the length of the strips in the
package , the coordinates of the movable stop, the accuracy of stopping the package
on stationary shears for cutting, the specified limits on the percentage content of non-
dimensional rolled products in the final results of the package cutting process (the
specified grade indicator), etc.

The assessment of the ultimate capabilities of the analyzed block in terms of
the output of measured products, which interests us, can be carried out on the

assumption that the length of all strips in the package is the same and taking into
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account the length of the measuring rod, up to multiples , the amount of spread, as
well as the interval of lengths of non-measurable rods of permissible grade.

It is obvious that reducing losses is possible provided that the spread is reduced
and the length of the strips is multiple of the length of the measuring wire, i.e. In real
conditions, when the lengths of the strips in the package differ, the spread is
determined by two independent random components: the deviation of the braking
path of the strips and the fluctuations in their length, which are the result of the work
of previous technological units. In this case, there is an additional opportunity to
reduce losses by redistributing the spread between the beginning and the end of the
packet, and therefore, the task of finding the optimal configuration of the packet
should be set.

The practice of the section of stationary shears shows that even in the case of
"ideal" butting of the strips in the package before the beginning of transportation, the
configuration of the package installed on the cut will be violated. It was established
that in the process of transportation, the strips in the middle part of the package move
less than the strips on both sides. The longitudinal displacement of the side and
middle strips reaches 0.4 m, and its character repeats the shape of the roller barrel,
which is usually worn more in the middle part than at the edges.

It was also established that during transportation the strips may slip on the
rollers of the roller conveyor. The study of the peculiarities of the package
transportation process made it possible to determine the condition of its occurrence. It
is proved that slippage is caused by the value of some parameter called the package
parameter and characterizes the ratio of the rolled mass Jn brought to the roller of the
rolling mill to the moment of inertia of the rotating masses of the roller. Slippage

occurs at values of a less than critical [5]

n _l,
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where M , is the starting moment of the drive, R is the radius of the rollers, the

ucoefficient of friction, g is the acceleration of gravity.
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Obviously, the most critical is the transportation of "light" packages, which are
usually formed at the end of cutting the next batch of metal.

Additional losses of measured rolled products also occur due to the dynamic
rebound of the package when it hits the stop.

These two factors determine the need for the development of specialized
equipment capable of providing stable transportation of the package with adjustable
acceleration and its precise stop at the stop.

The scattering of the strips in the package arriving at the cold-cutting shears is
caused, on the one hand, by fluctuations in their length and the multiplicity of the
length of the measuring rod, and on the other hand, by the inaccurate stacking of the
strips on the refrigerator. When setting requirements for the technology and operation
of the equipment on the receiving side of the refrigerator, the first group of reasons
should be excluded from consideration, since they are related to the technology of
cutting with volatile scissors and their consequences cannot be compensated by the
operation of the equipment in the area under consideration.

The basis for the development of the concept of appreciable reduction of the
losses of measured rolled steel on the refrigerator with the help of precise positioning
of the strips from its floor were the results of the theoretical analysis of the braking
process [1, 7, 12, 19]. The prerequisite for such an analysis was a large-scale study of
the coefficient of friction during braking [8, 21], which made it possible to propose

an experimental dependence for calculations (Fig. 1.8)
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Figure 1.8. Dependence of the coefficient of friction on the sliding speed

during braking: 1 - for low speeds, 2 - for high speeds, 3 - transformed dependence

In the analysis [5] of the accuracy of stacking strips on the refrigerator,
differential equations of strip movement in three phases of braking were used, taking
into account the design parameters of the valve dumper . The stopping accuracy of
hot-rolled and heat -strengthened strips was evaluated by determining the sensitivity
of the braking distance to technological parameters.

The analysis of the components of the variance during free braking showed that
the most significant are the initial speed of the strips before braking (54%), the
friction coefficient (31%) and the inertia of the reset mechanism (the time delay from
the moment of issuing the command to turn on the reset to the moment when the
braking surfaces of the valves come into contact with a stripe (15%).

as, ) as. aS.)>
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In case of forced braking, the length of the lanes is added to the listed factors.
Moreover, the influence of these factors on the braking dispersion of the path is
distributed as 8%, 82%, 8% and 2%, respectively.
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The experience of NMS operation and the data of experimental studies [1, 7,
19] show that the main reason for the instability of the speed of the strips entering the
valve discharger is the irrational setting of the speed mode of the transporting roller,
in which the acceleration of the strip does not have time to complete before the start
of braking. A rational setting should ensure comprehensive compliance with two
requirements: accident-free separation of adjacent lanes on the valve dumper and
stabilization of lane speed at the start of braking. When choosing the modes of
operation of the transport equipment, one should take into account the peculiarities of
the transport of heat -strengthened strips, such as the reduction of the coefficient of
friction and the presence of the hydraulic transport effect of the thermal installation.

instability of the refrigerator mechanisms is associated with the formation of
backlash gaps in connecting nodes, thermal expansion of structural elements, and
other reasons. Deviations of the braking start moment caused by them range from 0.5
to 2% [5]. This determines the need to create a resetter design that excludes the
influence of these factors.

Reducing the spread of stripes on the refrigerator requires stabilization or
compensation of fluctuations in the friction coefficient by adjusting the moment of
initiation of braking (resetting). At the same time, you should use the strategy of
resetting strips "by the end", the undeniable advantages of which over the strategy of
resetting "by the cut" have been convincingly proven in a number of works [1, 12, 9].
The organization of dropping the strips on the refrigerator "on the front end" is
particularly attractive, which allows to reduce the spread on the main part of the
package and significantly simplify the development of the cutting plan for
dimensional cutting with stationary scissors. However, with the existing design of
valve dischargers, this method is impossible at rolling speeds of more than 10 m/s. Its
implementation is possible when solving the task of dividing adjacent lanes at the
beginning of braking.

Special and extremely wide possibilities regarding the positioning of the strips

when stacking on the refrigerator are provided by the forced braking of the rolling
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stock. Its use provides a significant (by 1.5-2 times) reduction of the braking distance,
thus an increase in rolling speed by 1-2.5 m/s [3, 1, 13, 15, 17]. However, until now
the task of intensification of braking has been considered to a certain extent in
isolation from the requirements of increasing the yield of dimensional rolled
products. As a result, the question of the place of application of additional braking
force to the strip was unambiguously resolved in favor of the line of lifting valves of
the dumper . In the meantime, the option of placing forced braking devices in the
receiving stream of the straightening chute (on the intermediate walls) of the
refrigerator, which makes it possible to significantly change the braking distance
without interfering with the process of separating adjacent bands on the valves, also
deserves attention.

The desire for accurate laying of strips does not exclude the use of a leveling
roller on the refrigerator [9].

The dominant influence on the accuracy of cutting is provided by the length of
the roll formed at the exit of the finishing cage of the condition. The random nature
mostly determines the loss of measured products in the analyzed area. In turn, the
length of the roll depends on the length of the workpiece, its cross-sectional area and

the geometric dimensions (cross-section) of the finished profile.

1.4 Work tasks

The purpose of the work is to increase the yield of small -grade rolling mill
products by adjusting the length of the rolling stock.

In order to achieve the set goal, it was necessary to solve the following tasks:

- to perform an analysis of the technological process of production of small -
sized rolled products and the peculiarities of managing the operation of the rolling
mill to identify the priority tasks of automating the process of managing the output of

measured products;
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- build a mathematical model of the finishing group of cages, develop its
software implementation and conduct a study of the process of forming the geometric
dimensions of rolled products in order to determine the sections of rolled products
and the regularity of their formation due to the regulation of the length of which it is
possible to control the output of measured products;

— to investigate the process of controlling the length of the rolled product due
to the change of the crimping mode in the presence of a pressure screw control
system, to determine control strategies and to develop analytical principles for the
construction of the control system;

— to investigate the process of controlling the length of the rolled product due
to the change in its tension in the presence of an automatic tension stabilization
system, to determine control strategies and to develop analytical principles for the
construction of the control system;

— to investigate the process of managing the length of the roll in order to
establish the possibility of its forecasting during operational regulation; - to study the
formation of the geometric dimensions of rolled products at the borders of the

tolerance fields in order to determine the restrictions on the adjustment of its length.



